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ABSTRACT 
A study has been made of the merits of devices and techniques used to 
determine size-distribution of raindrops and cloud droplets for the purpose 
of recommending a method or methods of rapidly sorting and counting rain­
drops. Devices and techniques studied were classified into eleven major 
sections. Each section includes a discussion of the merits of the classi­
fication and an annotated bibliography. In addition, sections are provided 
on the following subjects which are considered pertinent to the study of 
raindrop sizing: artificial drop production, determination of drop sizes 
for calibration purposes, drop illumination, raindrop characteristics, 
measuring liquid water content of the atmosphere, automatic sizing and 
counting of stains or images, low-level atmospheric turbulence, and an 
index of authors. 
The following types of devices for automatically sizing and counting 
raindrops, listed in the order of presentation in this report, are recom­
mended for further study and development:-
1. Light scattering from individual drops as measured by Dingle. 
2. Photographing streak images and scanning the film as proposed by 
Illinois State Water Survey. 
3. Vidicon scanning of streak images by the University of Texas. 
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AH EVALUATION OF RAINDROP SIZING AND COUNTING 
INSTRUMENTS AND TECHNIQUES 
John E. Pearson* and Gordon E. Martin** 
INTRODUCTION 
Determining the size of raindrops has been a subject of growing concern 
to scientists interested in weather as well as to others with related interests. 
In recent years, the research in this area has grown to a proportion where it 
is imperative that the size of raindrops be determined automatically. 
Records of attempts to determine the size and distribution of raindrops 
appear in the latter half of the nineteenth century. Interest in this sub­
ject had been stimulated in Europe when sailors reported raindrops as large 
as teacups in the tropics. Students of soil erosion were among the first to 
appreciate the importance of drop size, as well as total quantity of water 
falling. In recent years researchers in cloud physics, especially those 
interested in the mechanism of precipitation, have needed more complete in­
formation on the distribution of raindrop size. They have been joined by 
those interested in radar measurement of rainfall, particularly the scattering 
and attenuation of radar by water particles in the atmosphere. Frequency-size 
distribution of raindrops and cloud droplets is important in problems of air­
craft icing and, more recently, in studies of inlets for jet engines and in 
problems of impact with leading edges and surfaces of supersonic aircraft. 
Early students of raindrops depended on using manual methods to determine 
the size and count. Such work was tedious, time consuming, and inadequate 
as raindrops can fall in large numbers at rates changing every few seconds. 
Consequently, many investigators have attempted to develop automatic devices 
for sizing and counting atmospheric water particles. 
A study has been made to determine the merits of the various techniques 
for the rapid sorting and counting of raindrops. Devices for sizing and 
counting both raindrops and cloud droplets were investigated. The study has 
included manual methods since some of them are adaptable to automation. 
The following minimum performance specifications as established by 
Air Force Cambridge Research Center were used as a guide in the study: 
1. The device must automatically measure, sort, count, and record 
volume samples of raindrops from 0.1 mm diameter to the largest 
that occur, that is, about 10 mm in diameter. The nominal diameter 
of a raindrop may be defined as the diameter of a spherical drop 
having the same volume as the drop under consideration. 
2. In normal rain the device should be able to collect a sample of 
about 100 drops in 10 seconds. It should be able to handle 50 
*Research Associate, Illinois State Water Survey, and Professor of General 
Engineering, University of Illinois. 
**Research Associate, Illinois State Water Survey, and Instructor of General 
Engineering, University of Illinois. 
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drops per second. Normal rain was assumed to consist of 300 to 500 
drops per cubic meter. 
3. Error is to be limited to ±10 percent in drop sizing and to ±5 percent 
in drop counting. 
4. The device is to be operable in rain or snow at temperatures from -10 
degrees to +100 degrees Fahrenheit, in winds up to 50 miles per hour, 
and in rains up to 100 mm per hour in intensity. 
5. Sorting, counting, and recording circuits should be capable of re­
mote operation up to 250 feet. 
An attempt has been made to classify the devices or techniques used to 
sense the size of raindrops according to the method or principle involved. 
However, perfect classification is impossible as some of the techniques are 
combinations of methods, others are only similar to those with which they 
are classified, and still others are unique and must be listed separately. 
Each classification is treated as a section, and each section has two 
parts. The first part of a section gives a general discussion of the method 
and its advantages and disadvantages, while the second part is an annotated 
bibliography. The articles in each bibliography appear in chronological 
order. Material in the bibliography was selected to explain the technique 
used to size drops, the success of the method, and the problems and limi­
tations. When the reader is not familiar with the articles in the 
bibliography, it might prove very helpful to him to read the bibliography 
before reading the discussion. 
In addition to the sections on drop-sizing devices and techniques, 
related material is presented on subjects such as: artificial drop 
production, determination of drop sizes for calibration purposes, drop 
illumination, raindrop characteristics, measuring of liquid water content 
of the atmosphere, automatic sizing and counting of stains or images, etc. 
A final section contains an index of the authors and agencies that pre­
pared the material appearing in the bibliographical sections. 
vii 
DROP SIZING AMD COUNTING METHODS 
Section 1 SIZING BY IMAGES ON A SURFACE 
In the methods described in this section, a surface is exposed to the 
rain for a short period of time. Each raindrop leaves an image which can 
"be measured. Since the surface can be calibrated with drops of known size, 
a relation is obtained between the drop size and the size of the image. 
These methods have several desirable features. Size of the sample, 
frequently a limiting factor with sampling devices, is practically unlimited. 
To increase the size of the sample, it is necessary only to increase the size 
of the surface used. These methods are also very simple in comparison with 
most of the other methods available for counting and sizing raindrops. A 
minimum of equipment is required, and calibration is relatively easy and 
reliable. 
In most devices of this type, the range of drop sizes is limited. Drops 
larger than 2 mm diameter tend to splash, resulting in errors by showing an 
increase in the number of small drops and less than the true number of the 
large drops. The use of a nylon screen eliminates the problem of splashing,  
but in this case the drops less than 0.4 mm diameter fall so slowly that they 
stop on the screen instead of passing through. Drops moving perpendicular to 
a screen or to filter paper produce round spots, but those moving at some other 
angle produce elongated traces which are more difficult to size. To use the 
filter paper technique with an automatic counting and sizing device, the 
paper must be held perpendicular to the path of the drops to avoid these 
elongated spots. Extrapolation from the surface to a volume becomes compli­
cated due to the variable slope of the surface. 
Slate 
In 1892, Lowe (l-l) discussed the use of ruled sheets of slate to observe 
drop-size patterns. Lowe evidently did not calibrate this method to give drop 
size but observed only the sizes of the spots and their distribution. 
The ruled slate method is of doubtful value today since it has no 
apparent advantage over filter paper or nylon screen methods. The use of 
slate results in as much or more splashing than the use of filter or blotter 
paper. 
Filter Paper 
The idea of using a chemically treated paper belt, driven by a clock, 
for raindrop observations originated about l8Y7 (l-l), and interest in this 
idea continues to the present time. Blanchard (l-12) (1-17) and others 
(l-l6) have built automatic raindrop-recording instruments in which paper 
tape is used successfully for automatically recording the spots produced 
by the raindrops. The use of a dye (1-3, 1-7, 1-8, 1-11, 1-12, 1-16, 1-17, 
1-18, 1-19), blueprint paper (l-9), or chemical treatment (l-15) provides 
a permanent record of the spots. Instruments have been built (17-1, 17-3) 
for automatically counting and sizing the stains produced on filter paper. 
Although Kobayaski (1-15) reports no splash for raindrops up to 4.6 mm 
diameter falling at terminal velocity on treated photographic film, the 
filter paper method is not generally considered suitable for drop sizes 
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greater than 2.0 mm. Spencer and Blanchard (1-17) report that drops as small 
as 30 microns diameter can be detected with the aid of a microscope on dye-
treated paper. Thus the range of drop sizes appears to be 30 microns to 2.0 
mm. However, if filter paper were used when a few drops larger than 2.0 mm 
diameter were falling, counts of spots for sizes below 0.2 mm would not be 
dependable because the splashed drops from drops larger than 2.0 mm are 
generally less than 0.2 mm diameter. Anderson (1-8) shows an interesting 
graph of the effects of splatter on the size of the spots for various drop 
sizes up to about 10 mm diameter. Although the filter paper method was quite 
satisfactory for use in Hawaiian "warm rainfall," it has only limited appli­
cation in the United States. 
Greased Wire or Thread 
Kohler (1-20, 1-21) made extensive investigations of drop-size distri­
butions in clouds and fog by allowing the drops to be deposited on fine, 
greased wire or thread. These drops were then measured under a microscope. 
Kohler also photographed the thread while the drops were being deposited to 
better understand the processes involved. 
Since there is question as to the collection efficiency obtained in this 
method, the greased thread method is primarily of historic interest. 
Nylon Screen 
The most recent form of the nylon screen technique consists of mounting 
a piece of women's nylon hose (black or very dark colored) on a hoop, treating 
the nylon with a trace solution of lanolin in naphtha and applying a coating 
of confectioner's sugar to the nylon mesh. The nylon screen thus prepared 
is held at arm's length and perpendicular to the paths of the raindrops until 
the desired number of drops has passed through the screen. 
There are a number of advantages for the nylon screen technique. Large 
droplets, 3 mm diameter and larger are sized without the problem of splash 
(1-23). Resolution is good, and drop diameters can be measured to ±0.1 mm. 
On July 11, 1956, Blanchard of Woods- Hole Oceanographic Institute 
furnished the authors with copies of screen photographs. The screens 
were placed over a black velvet cloth, when photographed, to give good 
contrast between drop spots (black) and the powdered area (white). Mesh 
of the cloth permitted tiny black spots to show in the powdered area, but 
their regularity and size were such that they would not be confused, 
visually, with raindrop spots. 
The nylon screen technique is also subject to several difficulties. 
Small drops, less than 0.4 mm diameter, fall so slowly that they tend to 
cling to the screen rather than pass through, and thus become absorbed by 
the sugar. Under very humid conditions, the sugar becomes wet and the 
contrast is reduced. 
The screen must be held perpendicular to the paths of the drops to ob­
tain a true indication of drop size (1-24). This is especially important 
if drop images are to be sized automatically* 
The nylon screen technique is certainly a satisfactory method for 
manually obtaining drop-size distributions of raindrops 0.5 mm in diameter 
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or larger with a minimum of equipment. Under good conditions, it should be 
possible to scan nylon screen photographs with an automatic counting and 
sizing instrument. However, it would be quite difficult to automatically 
obtain nylon screen photographs that would be suitable for machine scanning 
because it would probably be necessary to maintain the nylon screen perpen­
dicular to the path of the raindrops. Under turbulent conditions, this 
adjustment could be quite difficult. 
A further complication results from maintaining the nylon screen perpen­
dicular to the paths of the raindrops. The drop-size distribution on a 
surface is readily obtained, but extrapolation back to a volume becomes quite 
complicated. In radar meteorology, it is necessary to obtain the drop-size 
distribution in a volume. 
Slides 
Slides have been used successfully for recording images of spray droplets 
and cloud or fog particles. These slides are used to capture the droplets, 
as in grease (1-26, 1-32) or oil (1-28, 1-33, 1-36) or the droplets produce 
images, as with soot or magnesium oxide. Images are also produced as dyed 
spray droplets fall on "Autobrite," (1-34). These images, or the captured 
droplets, are usually photographed, or photomicrographed. The resulting 
photographic images are counted and sized manually, or in some cases they 
may be counted and sized with an automatic device (1-34). 
Droplets may be allowed to fall on the slides, or the slide may be moved 
through the air as with an airplane. The cascade impactor (1-27) utilizes a 
series of jets to impinge the droplets on the slides. 
Although the slide method has had considerable success and is adaptable 
to automatic counting and sizing, it is not suitable for counting and sizing 
raindrops. None of the slide treatments presently used is suitable for use 
with large drops. Large drops tend to splatter on a hard surface and to spread 
out excessively on other materials. Even for small drops, there is often 
considerable question as to the collection efficiency of the slides. 
Oil 
There are several variations in the technique used for capturing small 
drops in oil. The simplest version of this method is allowing the drops to 
fall into a glass tray of oil, then measuring the drop sizes under a micro­
scope . With this method, the drops lie on the bottom of the container but 
do not remain spherical. 
There are two methods available for maintaining the spherical shape of 
the drops in oil. If the bottom of the container is coated with a water 
repellent film of silicone, the drops remain almost spherical (1-32). 
If two oils, immiscible with each other, are used, one being more and 
the other less dense than the droplets, the droplets remain suspended at 
the interface (1-32). Also these drops are almost spherical and can be 
photographed. 
The process of collecting droplets in oil and then photographing them 
can be made semi-automatic. Such a device has been built for airborne use 
by Hacker (1-40). 
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Although the oil method has been used quite successfully for small drops, 
it is not suitable for raindrops. The larger drops tend to splatter upon 
hitting the surface of the oil, and there is a tendency for them to coalesce 
as they move through the oil or along the bottom of the container. Even small 
droplets may cause difficulty in photographing due to their slow movement 
through the oil and the time required to get them into focus. 
BIBLIOGRAPHY - SIZING BY IMAGES ON A SURFACE 
Slate 
1-1 Lowe, E. J., "Rain Drops." Royal Meteorological Society, Quarterly 
Journal, 18: 242-245, 1892. 
Ruled sheets of slate were used to observe drop-size patterns 
(more than 300 tests). It was observed that some drops are nearly 
flat, others more or less spherical. Spots varied from almost invis­
ible to 2 mm diameter. 
"The distribution is extremely irregular, though sometimes there is 
method in this irregularity Occasional drops must be more or less 
hollow., as they fail to wet the whole surface enclosed within the drop 
Incidental drops are notched on the edge The ordinary shower 
is extremely irregular in distribution." Lowe also mentions that a belt 
of chemically treated paper driven by a clock was proposed before 1877. 
Filter Paper 
1-2 Wiesner, J., "Beitrage zur Kenntnis des Tropischen Regens." (Contri­
bution to our Knowledge of Tropical Rain) Sitzungsberichte K. Akademie 
der Wissenschaften Mathematisch - naturwissenschaftliche Klasse, 104: 
1397-1434, 1895. 
Raindrops were allowed to fall on a piece of blotting paper or 
filter paper. 
1-3 Lenard, P., "Uber Regen." (About rain) Meteorologische Zeitschrift, 
(Brunswick), 21: 248-262, 1904. (English translation may be obtained 
from Librarian, U. S. Soil Conservation Service, Washington, D. C.) 
Spots on absorbent paper were dusted with eosin for a better 
permanent record than obtained by Wiesner. Drops were floated in an 
upwardly directed air stream and the resulting deformations were 
observed. The velocities of the drops with diameters of 1.28 mm to 
6.36 mm were obtained by measuring the air-velocity at the point of 
suspension. 
1-4 Defant, A., Wien. Berichte 114: 585-646, 1905. Abstract Meteorologische 
Zeitschrift, (Brunswick), 22: 321, 1905. 
The filter paper method was used to obtain the size distribution 
of raindrops. Author states that the most frequently occurring sizes 
of the drops are in the proportion 1:2:4:8, etc. with 3,5, and 7 appear­
ing rarely. 
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1-5 Becker, A., "Zur messung der Tropfengroessen bei Regenfaellen nach der 
Absorption methode." (About measurement of drop sizes in rainfall 
according to tbe filter paper method) Meteorologische Zeitschrift, 
(Brunswick), 24: 247-261, 1907. 
Defant's measurements were re-examined and it was found that the 
stain diameter varied with the drop-velocity. Control of the humidity 
in paper storage also was found necessary. 
1-6 Niederdorfer, R., "Messungen der Grosse der Regentropfen." (Measure­
ments of the size of raindrops) Meteorologische Zeitscnrift, (Brunswick), 
49: 1-14, 1932. 
Low accuracy was reported using blotter paper.. Other findings 
include: the thickness of the blotting paper must be exactly the same 
as that used for calibration, the size of the spot is also a function 
of fall velocity for drops heavier than 0.7 mm, difference in fiber 
quality of the individual sheets contributes to low accuracy, blotting 
paper must be completely dry before use to give a sharp outline of the 
spot. Authors report agreement with Defant as to size ratios of 1:2:  
4:8 etc. 
1-7 Marshall, J. S., R. C. Langille and W. McK. Palmer, "Measurement of 
Rainfall by Radar." Journal of Meteorology, (Boston), 4:186-192, 1947. 
Whatman No. 1 filter paper which had been treated with a trace of 
powdered gentian-violet dye was used for drop-size measurements in 
natural rain. The drops left stains, the diameters of which were a 
function of the diameters of the original raindrops. This function 
was determined experimentally. 
1-8 Anderson, L. J., "Drop-size Distribution Measurements in Orographic 
Rain." American Meteorological Society, Bulletin. 29:362-366, 1948. 
Measurements on rainfall near Hilo, Hawaii, are described. "Drop-
size distribution was determined by exposing ordinary ink blotters, 
9 l/2 by 4 inches, previously dusted with powdered potassium permanganate, 
for a short time interval Calibration of the blotters was accomplished 
by weighing a 1-inch square piece on an analytical balance, placing a 
drop on the square, and re-weighing. The drop diameter was calculated 
from its weight, assuming a spherical shape. 
"Upon contact with the blotter, the drop is absorbed and spreads 
out to a round purple spot of characteristic size. After a few minutes 
the purple potassium permanganate is reduced to brown manganese dioxide, 
which is quite stable and gives a permanent record of each drop collected." 
The report contains a graph showing effect of splatter with in­
creasing drop size. For drops smaller than 1.5 mm diameter, very little 
splattering was observed. A transparent circle template was used for 
drop sizing. Comparison is made with similar data of Laws and Parsons. 
1-9 Gunn, R., "Electronic Apparatus for the Determination of the Physical 
Properties of Freely Falling Raindrops." Review of Scientific Instru­
ments, (N.Y.), 20:291-296, 1949. 
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An apparatus is described for measuring the mass, velocity of fall, 
size, and free electric charge of individual falling raindrops. Two 
vertically separated rings are so arranged that naturally charged rain­
drops fall through them and induce pulses on the grid of a vacuum tube 
amplifier which in turn operates a tape oscillograph. From the charac­
teristic double pulses produced, the charges and transit times may be 
determined. The mass of the droplets is simultaneously determined by 
measuring the size of the spot produced when the drop falls on blue­
print paper tape which traverses the oscillograph. 
In calibration, large drops were caught in a covered can and weighed 
on a chemical balance. Smaller drops were caught in vacuum pump oil and 
measured under a calibrated, low-power microscope. The vertical drop 
dimension was measured, in addition to the horizontal diameters, by the 
use of a small, total reflecting prism immersed in oil. The report 
describes equipment for producing uniform water drops. 
1-10 Germany. "Ein neues meteorologisches Gerat, der Tropfenschreiber." 
{A new meteorological instrument: the raindrop recorder.) Die Umschau, 
Halbmonatsschrift uber die Fortschritte in Wissenschaft und Technik, 
50(12): 384, 1950. 
The new instrument, the raindrop recorder, shows not only the rain­
fall periods but the drop size as well. The instrument is simple. A 
clock shaft supports a light metal disc which serves as a base for the 
recording paper. The paper has little absorbing quality and is pre­
pared with a special dye. The dyed paper is fed by the clock mechanism 
under a sharp-edged slit in the plexiglass cover. The angular speed 
and the width of the slit are designed so that each point of the disc 
is under the rain for one minute. 
1-11 Atlas, D., and V. G. Plank, "Drop Size History in a Shower." Journal 
of Meteorology, (Boston), 10:291-295, 1953. 
"A sequence of fine, closely spaced raindrop samples taken during 
the passage of a shower displayed approximate monodispersity in each 
sample, and drops decreasing to drizzle size with time. Correlations 
of median volume diameter and of liquid water content with rain intensity 
agree very well with previously established empirical relations, except 
for the very first drops. However, values of reflectivity (Z = ∑ N d6) 
are approximately half those predicted by Z = 200R 1 . 6, due primarily to 
the narrow drop-size spectra." Dye-impregnated filter paper was used. 
See Marshall et al (1947) (1-7) for a description of the technique. 
Drop trajectories were discussed. 
1-12 Blanchard, D. C, "A Simple Recording Technique for Determining Rain­
drop Size and Time of Occurrence of Rain Showers." American Geophysical 
Union, Transactions, 34(4):534--538, 1953. 
This paper describes an easily constructed instrument for obtaining 
a continuous record of the time of occurrence and duration of shower-
type rains and their range of raindrop sizes. A battery-driven motor 
pulls paper tape, previously treated with the water-soluble dye, methylene 
blue, past an opening exposed to the rain. The spot diameters left by 
the rain on the tape may be related to raindrop size by laboratory 
calibration. During a week's run on the island of Oahu, Hawaii, a 
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total of 119 rains was recorded. Although many of the rains passed in 
a minute or so and were only a few minutes apart, less than 40 were re­
corded by nearby recording rain gages. 
"Calibration of the tape showed that a 2.75 mm diameter drop at a 
terminal velocity produced a spot 16 mm in diameter, the width of the 
tape It is realized that the present recorder has many limitations, 
For example, there would be considerable doubt as to the accuracy 
of calculations of the spatial distribution of drops. At the best, they 
would represent, not point distributions, but distributions averaged 
over a thousand or more meters of vertical height The turbulent 
nature of the wind is apparent from the varied direction of the 'tails' 
of the spots." 
1-13 Blanchard, D. C, "Raindrop Size Distribution in Hawaiian Rains." 
Journal of Meteorology, (Boston), 10:457-473, 1953. 
"A brief survey of the major techniques of raindrop size-sampling 
is given. The filter paper technique,finally adopted for use in this 
study, adapts itself admirably to the sampling of Hawaiian orographic 
rains. 
"The change in the drop-size distribution of rain as it falls from 
cloud to ground may be considerable. It is affected by wind shear, 
gravity separation, evaporation and drop collision 
"The evaporation problem was eliminated, and the others minimized, 
by sampling all the orographic rain at cloud base or within the cloud 
itself The raindrop distributions are narrow, with the largest drops 
rarely exceeding 2 mm in diameter. Concentration of drops less than 
0,5 mm in diameter often are in excess of 40,000 m-3." 
1-14 Germany. "Der Regenbildschreiber." (Rainpicturewriter) Die Umschau 
in Wissenschaft und Technik, 54 (12)=367, June 15, 1954. 
This report describes a new form of the W. Lambrecht raindrop 
recorder (1-10). The clock cycle can be modified from 12 to 3 hours 
to analyze heavy rain. 
1-15 Kobayaski, T., "Measurement of Rain-drop Size by Means of Photographic 
Paper Treated with COCl2." Meteorological Society of Japan, Journal, 
33:217, 1955. 
Glossy photographic paper was put into a fixing bath. After being 
washed, the paper was dipped in a saturated solution of Cobalt chloride. 
When the solution has soaked into the gelatine film, the paper is dried 
using a ferro-type-plate dryer. The completely desiccated blue color 
of the paper should be preserved in polyethylene tubes with a suitable 
desiccating agent (e.g. silica gel). 
When the raindrops fall on the paper, immediately traces of white 
(or pink) color appear. Photographs are taken quickly with a camera 
having a red (R-3) filter. 
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Exposed papers are dipped into the solution and dried again, for 
use a number of times. 
Raindrops up to 4.6 mm diameter at terminal velocity are said to 
show no splash except the "Cornua" extending from the margin of the 
print. 
1-16 Imai, I., M. Fujiwara, I. Ichimura, and Z. Yoshihara, On the Radar 
Reflectivity and the Drop-size Distribution of Rain. Meteorological 
Research Institute, Tokyo, Report, 1955. 
"Concurrently with the measurements of radar receiving power, 
continuous observations of raindrop size distributions were made.... 
Automatic raindrop samplers were used, in which a roll of filter paper 
is unrolled, and passed beneath an opening for sampling and then rolled 
up around a motor-driven cylinder. Before use, the filter paper is 
immersed in gasoline, in which finely ground powder of water-blue dye 
is suspended, and then dried well." 
1-17 Spencer, A. T. and D. C. Blanchard, "An Automatic Raindrop Sampler," 
Woods Hole Oceanographic Institution, Technical Report No. 11. Ref. 
No. 56-6, 1956. Unpublished. Copies obtainable from Armed Services 
Technical Information Agency, Document Service Center. 
An automatic moving-tape sampling device was constructed for 
obtaining data on raindrop size in a study of the mechanics of Hawaiian 
rain formation. At 2-minute intervals, a sliding shutter opens and ex­
poses a section of paper to the rain. The shutter remains open for about 
2.7 sec. During the nearly two-minute period that the shutter is closed, 
the paper tape is dried by a heating coil and the take-up spool advanced. 
Three drop recorders were operated at various elevations on the slopes of 
the mountains of Hawaii. The instruments are designed for shower rains 
(2 mm diameter raindrops) rather than for thunderstorm-type rains (5 mm 
diameter). 
"The tape is standard 3 1/2 inch wide adding machine paper which 
we impregnated with dry methylene blue chloride powder With the aid 
of a microscope it has been found that drops as small as 30 microns 
diameter can be detected on this dye-treated paper. 
"The opening in the cover through which the rain falls has an area 
of only 33 cm2 surface.....The splash of raindrops striking the wire 
mesh or the paper tape was negligible for drops of less than 2 mm 
diameter. For drops larger than 2 mm the splashed drops were gener­
ally less than 0.2 mm.....A drop size calibration curve for the paper 
tape was made by allowing water drops of known size to strike the tape 
at terminal velocity." 
1-18 Jarman, R. T. "Stains Produced by Drops on Filter Paper." Royal 
Meteorological Society, Quarterly Journal, 82:252, 1956. 
Relation between stain diameter and drop size for various liquids 
and papers. Gives equation 
D = a Sb 
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where "D" is drop diameter, "S" stain diameter, "a" is a constant 
which is said to vary with the paper, and "b" is a constant which 
is said to he 2/3 as expected from the geometry. 
1-19 Magarvey, R. H., "Stain Method of Drop-Size Determination." Journal 
of Meteorology, (Boston), 14:182-184, 1957. 
"The size of the stain produced on absorbent filter paper by the 
impact of a falling drop has been used by many workers to determine 
drop size A consideration of simple theory suggests a functional 
relationship of the form D = a Sb, where D and S are the drop and stain 
diameters, respectively, and "b" has a value of 2/3 The fact that 
"b" may not be constant over a wide range, even for the same paper and 
under identical drying conditions, does not lessen the usefulness of 
the technique in determining drop sizes, but it does suggest the dangers 
that may arise from extrapolation processes. Any convenient method of 
measurement based on a carefully calibrated curve will give reliable 
results if the filter paper is exposed to the same drying conditions 
under which it was calibrated." 
Stains were obtained for drops of 50 different sizes, covering 
a range from 0.5 to 10.5 mm in diameter. Drop velocity and deformation 
had little effect in determining the patch size. Drying conditions were 
found to change the value of "b". Cutting the drying time in half for 
3 mm diameter drops produced stains 5 to 8 per cent smaller in diameter. 
Drops fell at their terminal velocities on Whatman No. 2 filter paper 
dusted with finely powdered, water soluble, blue, aniline dye. 
Greased Wire or Thread 
(see also 1-22, 1-23, 1-24, and 1-25) 
1-20 Köhler, H., "Über die Tropfchengrössen der Wolken und die Kondensation." 
(About Drop Sizes of Clouds and Condensation) Meteorologische Zeitschrift, 
(Brunswick), 38:359-365, 1921. 
Measurements of drop sizes were made optically and microscopically. 
The optical measurements consist of a very rapid measurement of corona 
rings by a strong light source. The rays were made parallel by re­
flection in a parabolic mirror. The light source was located about 40 
meters from the observer. Very often the multicolored and the white 
rainbows, which were always seen, were measured simultaneously. The 
work was done on a mountain top when fog or broken clouds passed be­
tween the observer and the light source. Measurements taken in moon­
light at the same time always gave the same ratios as those obtained 
using artificial light. Measurements also were taken in sun light. 
For the evaluation of the optical measurements the following 
formula was used: 
where r = drop radius 
n = the class of the red rings 
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= the angle of the outer border  
of the red rings 
= the wave length of white light which 
is equal to 0.0000571cm. 
Microscopic measurements were made of the drops which were deposited 
on strings (or wires) with diameters of 7 (10)-2 mm and 1.5 (10)-2 mm. 
The strings used for this purpose were smeared with grease. Article 
contains interesting curves of drop-size distributions in clouds and fog. 
1-21 Köhler, H., "Wolkenuntersuchungen dem Sonnblick im Herbst 1928." (Cloud 
Investigations in Sunshine in the Autumn 1928). Meteorologische 
Zeitschrift, (Brunswick), 46:409-420, 1929. 
Experimental investigations were carried out in intense sunlight. 
The size of the cloud elements was obtained by measurement of the corona 
rings in an artificial light source (1-20). 
With the microscopic investigation, the cloud particles were 
captured on a thread arrangement described earlier (1-20). Photographs 
were obtained with a microphotographic apparatus (Macca) by Leitz-Wetzlar. 
With this apparatus, it was possible to examine the thread immediately 
before and after the droplets were deposited, and occasionally during the 
assimilation. This paper contains interesting material on drop-size 
distributions in clouds and fog. 
Nylon Screen 
1-22 Blanchard, D. C., "The Use of Sooted Screens for Determining Raindrop 
Size and Distribution." General Electric Research Laboratory, Schenectady, 
N. Y., Occasional Report 16, Project Cirrus, 11 pp., 1949. 
"The idea of using a mesh screen for obtaining drop sizes is based 
on the fact that a water drop will pass through a screen with a minimum 
of splash. As the drop passes through the screen it breaks up into a 
fine spray which spreads out in a conical pattern. Thus, the drop upon 
impact, will pass easily through the screen and not flatten out or spread 
out laterally to the degree it does when it strikes a hard impenetrable 
surface. 
"If a screen is treated in such a way that the drops, in passing 
through, will leave some type of trace, then one has a method of ob­
taining drop sizes. In this manner, drop sizes and distribution patterns 
may be obtained even during a storm associated with high wind velocities. 
"If any splatter should occur, the small droplets produced by the 
splatter strike the screen at a comparatively low velocity and do not 
leave any mark. Instead, they envelope themselves with soot and roll 
right off the screen." 
A 50-mesh screen (7-mm wire) and a 100-mesh screen (4-mm wire) were 
calibrated with drops of known size. These drops were allowed to fall 
approximately 60 feet to insure their attaining terminal velocity. Drops 
of four different sizes were used. Screens were coated with a soot layer 
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applied by burning acetylene gas with, a fish-tail attachment on a 
Bunsen burner. 
1-23 Howell, W. E., R. J. Boucher, and S. Braun, "Experimental and Statis­
tical Studies of the Drop-size Distribution in Rain, and of the Equivalent 
Drop-size Distribution in Snow." Mount Washington Observatory, Quarterly 
Progress Report, Contract No. AF 19(l22)-399, Jan. 23, 1951. 
The wire-cloth screen technique was selected as the most promising 
for use in this project. Experimentation showed that large drops, those 
around 3 mm diameter, produced splashing as the drops struck the screen, 
and a number of spurious droplets were produced. A sample of women's 
nylon hosiery was tested for splash, and it was found that even the 
largest drops likely to be encountered in rain, approximately 5 mm, 
failed to produce detectable splash or spurious droplets as they passed 
through the screen. 
Several powders were tested as a coating for the nylon mesh. 
Confectioner's sugar (XXXXXX) was found to be the most satisfactory 
since it is water soluble, and provides the greatest amount of contrast. 
To retain the sugar, the nylon was treated with a trace solution of 
lanolin in naphtha. The darkest, 60 gauge, 15-denier hosiery-gave the best 
results. Rain passing through the nylon screen was collected and the 
assembly weighed to determine the water content. The nylon screens 
were photographed after exposure to preserve the record and to make 
sizing easier. 
"Preliminary tests of the resolving power of the nylon screen show 
that drop diameter can be measured to within about +100 microns and that 
the lower limit of the drop size which can be measured accurately is 
slightly below 500 microns." 
Experiments were also made on Golitzine's method of using the Shell 
Spirax 250 oil on glass slides. The authors also proposed melting snow-
flakes in warm kerosene, refreezing in cold kerosene, and sorting on wire 
screens. 
1-24 Mount Washington Observatory, Experimental and Statistical Studies of the 
Drop-size Distribution in Rain, and of the Equivalent Drop-size Distri­
bution in Snow. Mount Washington Observatory, Quarterly Progress Report, 
Contract No. AE 19(l22)-399, April 23, 1951. 
Blotters were calibrated and used for sizing fine rain and drizzle 
drops with drop diameters preponderantly below 0.3 mm. The report also 
describes calibration of nylon screen. Methods are described for pro­
duction of uniform drops of various sizes. The smallest of these drops 
was obtained by drawing out the end of the glass tube into a fine tip 
and treating the tip with silicone. A weighing bottle was used to 
determine the mass of the larger drops. Small drops were allowed to 
fall into a shallow bath of Shell Spirax 250 oil and measured under a 
microscope. 
The report demonstrates the effect of the angle at which drops pass 
through a nylon screen. Traces are shown for angles of 30, 45, 60, and 
90 degrees. 
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A cloud-droplet impinger was built and tested. Oil and magnesium 
oxide smoke were tested as sensitizing surfaces, and the magnesium oxide 
smoke was selected for further work. 
1-25 Boucher, R. J., "Results of Measurements of Raindrop Size." Illinois 
State Water Survey, Conference on Water Resources, Bulletin 41, p. 293, 
1951. With discussions by D. M. A. Jones, R. Wexler, and R. J. Boucher. 
A technique of measuring raindrop-size distribution using a nylon 
screen was described. Results are given for 63 rain samples obtained 
by this method at Cambridge, Mass. 
Slides 
(see also 1-24) 
1-26 Houghton, H. G. and W. H. Radford, "On the Measurement of Drop Size 
and Liquid Water Content in Fogs and Clouds." Papers in Physical Ocean­
ography and Meteorology, (Cambridge, Mass.), 6(4):5-31, Nov., 1938. 
A short critical review of possible methods for the measurement of 
the size of fog particles is presented. It is concluded that the only 
suitable method of obtaining the distribution of drop sizes present in 
a given fog consists in the microscopic measurement of large numbers of 
drops which have been collected on a properly surfaced slide. A method 
for surfacing microscope slides with a thin, uniform layer of petroleum 
grease is described. The problem of obtaining a representative sample 
is considered. Experimental results indicate that slides no larger 
than 5 mm square will collect satisfactory samples if the slides are 
exposed facing the wind. Large slides discriminate against smaller 
drops. A description is given of special fog microscopes for observing 
droplet samples. Typical results obtained in natural fogs are presented. 
Authors suggest that satisfactory contrast in photographs can be obtained 
if a proper dark field illuminator is used. 
1-27 May, K. R., "Cascade Impactor: an Instrument for Sampling Coarse Aero­
sols." Journal of Scientific Instruments, (London), 22 (10):187-195, 
1945. 
A new instrument is described which will sample windborne and 
stationary aerosols such as natural fogs and clouds, fine sprays, 
insecticidal mists, coarse dusts, pollen and spores, etc. By means 
of four progressively finer jets, impinging on glass slides in series, 
the sample is split up into size-graded fractions in a form suitable 
for microscopic analysis. The greatest efficiency of sampling is 
achieved for particles in the range 1.5 to 50 microns in diameter. 
Descriptions are given of new methods of dealing with volatile drop­
lets and of analysing the samples. 
1-28 Golitzine, N., Method for Measuring the Size of Water Droplets in Clouds, 
Fogs, and Sprays. Canada, Rational Research Council. Report ME-177, 
1950. 
The report describes a method for measuring the size of water drop­
lets in clouds, fogs, and sprays. The range of sizes measured by the 
apparatus is from 5 to 250 microns in diameter. 
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The method consists in Impinging the water droplets on an oil-
covered slide, then immediately taking a photomicrograph of the sample. 
A special oil, such as Shell Spirax 250, is used which sufficiently 
retards the evaporation of the droplets to enable making a photomicro-
. graph. The droplets appear to maintain a nearly spherical shape in the 
oil. Their diameter only is measured. 
Many examples are given of samples taken in fog, steam, 
clouds, sprays, and light rain. The report contains many excellent 
photomicrographs of exposed slides. 
1-29 May, K. R. "The Measurement of Airborne Droplets "by the Magnesium Oxide 
Method,"Journal of Scientific Instruments. (London), 27 (5):128-129, May, 
1950. 
A complete calibration has been made of the method of detecting and 
measuring airborne droplets whereby the permanent impressions made when 
they strike a layer of magnesium oxide smoked on a glass slide are 
measured microscopically. A size range of 10 to 200 microns and a wide 
range of liquids and impact velocities were investigated. It was found 
that the ratio of true drop size to impression size is constant at 0.86 
for droplets greater than 20 microns in diameter of any liquid. The 
method fails below 10 microns. Droplets of any desired size were gener­
ated by a modification of the Walton and Prewett high-speed spinning 
disk spraying device. 
Calibration was made against an 'absolute' method in which the 
droplets are deposited- on a smooth, highly viscous or gelatinous layer 
and quickly covered with a warmed cover-slip coated with the same 
material. The enveloped droplets become spherical and are measured 
under a microscope. The 'focal-length' method, in which the droplets 
are deposited on clean glass slides, was also used for calibration. 
From the geometry of the liquid lenses found on the surface and the' 
known refractive index of the liquid, the size of the original drop­
let may be computed when the lens diameter and focal length have been 
measured under the microscope. This method is time consuming and can 
be used only with highly involatile liquids. "The principal merits of 
the magnesium oxide method may be summarized as follows:" 
(a) The method can be used equally well for droplets of any liquid 
and at any impact velocity with unchanged calibration. The only other 
known method likely to have this feature is a soot layer smoked on to 
a slide as used by Strozhevsky. Soot layers are opaque, however, and 
cannot be used with transmitted light which is a serious limitation. 
(b) Samples keep indefinitely without change. 
(c) Slides are prepared in a few seconds and are extremely simple 
to use. 
(d) No errors can arise due to coalescence of droplets after impact. 
"The defects of the method are: 
(a) It is of little value for droplets smaller than 10 microns. 
(b) A tendency for droplets to bounce out of the layer is some­
times apparent. 
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(c) The layer is rather fragile and can "be damaged by high velocity 
air jets used for impacting droplets." 
1-30 Levine, J., and K. S. Kleinknecht, Adaptation of a Cascade Impactor to 
Flight Measurement of Droplet Size in Clouds. National Advisory Com­
mittee for Aeronautics, Research Memorandum E5IG05, 1951. 
A report is given of experiments at the NACA Lewis Laboratory which 
were made with a cascade impactor for obtaining the size distribution of 
droplets. Drops are collected on four slides coated with magnesium oxide. 
By building a diffuser around the instrument, it was adapted for cloud 
droplet-size studies from an airplane traveling at about 100 mph. Cross 
sections and photographs of the impactor, the diffuser and of the in­
stallations as well as photomicrographs of slides exposed in the impactor 
are given. Data from two flights are presented. Theoretical trajecto­
ries of droplets are computed. 
1-31 Squires, P., and C. A. Gillespie, "A Cloud-droplet Sampler for Use on 
Aircraft." Royal Meteorological Society, Quarterly Journal, 78:387-393, 
1952. 
An instrument was described which can be used to obtain cloud-
droplets from an aircraft by momentarily exposing glass rods coated 
with magnesium oxide. Exposures can be repeated about every three 
seconds. The spectra found in a traverse through a cumulus cloud are 
shown. The samples are too widely spaced, about 200 meters, to yield 
a coherent sequence of spectra across a cloud. 
1-32 Courshee, R. J. and J. B. Byass, A Study of the Methods of Measuring 
Small Spray Drops. England National Institute of Agricultural Engin­
eering, Report No. 31, Sept., 1953. 
Small spray drop's were measured by allowing uniform drops from a 
spinning disc to fall into a cell containing a grease mixture of 24 
percent petroleum jelly and 76 percent medicinal paraffin. The drops 
are covered, as soon as possible after landing, with medicinal paraffin 
which prevents evaporation while they are being measured. The drops 
rest partly in the surface of the grease and are spherical, as their 
apparent weight in the paraffin is negligible compared with the surface 
tension forces. 
Several other methods are discussed. In the "Drifilm" method, the 
bottom of a glass cell is coated with a water repellent film of a sili­
cone. The cell is then filled with a non-viscous liquid, which has a 
lower density than the spray and with which the drops of spray do not 
mix. The drops sink to the bottom where they remain almost spherical. 
Small drops traveling at low velocities often fail to enter the liquid, 
and large drops roll around on the bottom of the cell causing coalescence 
or making it difficult to measure microscopically. 
Two immiscible oils may be used as an alternative to the Drifilm 
method. Drops penetrating the surface remain suspended at the inter­
face of the two oils, the one being more and the other less dense than 
the spray. This method is subject to the same objections as the Drifilm 
method. 
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If a slide is coated with a viscous grease mixture, drops may be 
impacted in the grease. They are then covered with another slide having 
a similar grease coating in a molten state which fuses vith the first 
layer. The drops are thus embedded in the grease between the two slides. 
This method has doubtful accuracy, especially for use with the cascade 
impactor, due to evaporation losses before the drops are covered. 
The magnesium oxide method was found unsuitable since, in practice, 
it is found to be impossible to obtain a sufficient number of uniform 
craters from small drops at their terminal velocities in air as most of 
them enter the oxide obliquely or bounce off. The microburette and the 
colorimeter are also discussed. The microburette was used for producing 
small, uniform drops. The colorimeter was used to estimate drop sizes 
from the dye content of the stains produced. Curves of evaporation 
rates are included for various sizes of small drops. 
1-33 Bigg, F. J., and C. G. Abel, Mote on Sampling and Photographing Cloud 
Droplets in Flight. Farnborough, England. Royal Aircraft Establishment, 
Technical Note No: Mech. Eng. 156, Sept., 1953. 
An oiled-slide apparatus is described for measuring the size and 
distribution of supercooled water droplets causing icing of airplanes. 
It includes a sampling pole with five oiled slides and a photomicro-
graphic camera. Calibration and method of operation are described. 
The apparatus proved reasonably reliable. A number of photomicrographs 
are shown including a study of the melting process of ice crystals, 
(from Meteorological Abstracts and Bibliography, Boston) 
1-34 Courshee, R. J. and J. B. Byass, Preparation and Calibration of Glass 
Slides for Sampling Sprays, England. National Institute of Agricultural 
Engineering, Report 32, Oct., 1953. 
To use an electronic counter for analysing spray deposits from 
various spraying machines and nozzles, it is necessary to obtain a 
spray pattern in the form of opaque circular stains on a transparent 
surface. Glass slides cleaned with laboratory solvents gave stains 
which were irregular in shape and not consistent in size. With 
thoroughly cleaned glass, the drops spread to such an extent as to 
make measurement impracticable. Dow Corning silicone preparations 
were tried, and these reduced the spread too much. A commercial ear 
polish, "Autobrite," which contains a small percentage of silicone, 
gave much more promising results and was easy to apply. More extensive 
tests were therefore made with the car polish and it was eventually 
adopted. 
1-35 Purdy, D. R. and R. Franklin, Modifications to the Houghton Cloud Camera, 
Mass. Institute of Technology, Department of Meteorology, Scientific 
Report 5, (ASTIA No. 117, 232), 35 pp., Sept., 1954. 
A number of glass-slide coatings for collecting water droplets have 
been tested with respect to their surface penetration, viscosity and 
water-vapor diffusion. Various techniques for applying the coatings 
before and after exposure, and with or without cover glasses, are also 
discussed. 
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A camera has been modified to greatly reduce the size and collection 
loss of the glass slide and to reduce the time lag between exposure to 
cloud and photographic recording. A slide width of 0.3 mm was chosen 
because it was the smallest that could be conveniently made. 
I-36 Brown, E. N. and J. H. Willett, "A Three-Slide Cloud Droplet Sampler." 
American Meteorological Society, Bulletin, 36(3):123-127, March, 1955. 
A three-slide cloud droplet sampler was designed for in-flight 
cloud-particle collections and is based on the system used by Golitzine. 
Droplets were impinged on a slide coated with a 250 micron layer of 
silicone oil. The average slide exposure was about 3/64 second. For 
aircraft speeds of 160-175 mph and a slide area photographed of about 
0.4 square millimeters, the volume sampled was about 1.5 cubic centi­
meters. Various techniques of particle collection were discussed. 
1-37 Durgin, W. G., Droplet Sampling in Cumulus Clouds. Great Britain. 
Meteorological Research Committee, M. R. P. 991, June, 1956. 
The author used an aircraft impactor which contains a slot into 
which a glass slide can be fitted and a shutter mechanism which exposes 
the slide for a certain time interval --in this case l/75 second. The 
impactor was pushed through a hole near the second pilot's seat and 
operation of the shutter exposed the slide to the cloud droplets. The 
slides had previously been coated with a layer of magnesium oxide; and 
when the droplets struck this layer, they produced small pits. After 
each flight the slides were microphotographed and a count made of the 
number of pits with diameters falling within certain specified limits. 
This paper contains a quantity of cloud droplet data obtained with the 
impactor. 
I-38 Sivadjian, J., "The Sampling of Rain and Cloud Drops Using Hygrophoto-
graphic Plates Covered with Various Kinds of Oil." Royal Meteorological 
Society, Quarterly Journal, 83:372-374, July, 1957. 
The sensitive surface of a hygrophotographic plate has the property 
of changing its color when exposed first to light and then to humid 
atmospheric conditions. It can be prepared from an ordinary photographic 
plate by impregnating the emulsion with a double salt of mercury and 
silver iodide. A plate, coated in this way, is normally yellow but when 
exposed to light of sufficient intensity it becomes blackish-violet. If 
the plate is immersed directly in water, the yellow reappears instantane­
ously. 
The hygrophotographic method has been used with an impactor in an 
aircraft. With an exposure time of 0.01 second and an aircraft speed 
of 180 knots, excellent results were obtained for drops 20 to 30 microns, 
in diameter. Droplets 100 microns and larger in diameter splashed upon 
impact. 
A combination of the hygrophotographic plate and the oiled-slide 
methods was investigated. It was observed that when raindrops having 
diameters greater than a certain value were sampled upon a surface 
covered with olive oil or ground-nut oil, they broke up into a large 
number of smaller drops. On a surface free from oil, they were crushed 
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and spread out, "but on a surface smeared with, castor or paraffin oil, 
they retained their own shapes without any deformations. In this last 
case, the droplets adhered to the oil yet penetrated to the gelatin to 
he absorbed and were thus recorded. Using castor oil, the exact sizes 
of the drops vere preserved with remarkably clear outlines. Since the 
droplets sink to the bottom of the oily film, coalescence and evapora­
tion were reduced. 
Oil 
1-39 Kohler, H., "Uber Tropfengruppen in Wolken;" "Uber Tropfengruppen und 
einige Bemerkungen zur genauigkeit der Tropfenmessungen, besonders mit 
Rücksicht auf Untersuchungen von Richardson." Meteorologische Zeit-
schrift, (Brunswick), 42:137-143; 463-467, 1925. 
The sizes of drizzle droplets caught in oil were measured micro­
scopically. The size and distribution of cloud elements were also 
investigated. 
1-40 Hacker, P. T., An Oil-stream Photomicrographic Aeroscope for Obtaining 
Cloud Liquid-water Content and Droplet Size Distributions in Flight. 
National Advisory Committee for Aeronautics, Technical Note 3592, 1956. 
"An airborne cloud aeroscope by which droplet size, size distribution, 
and liquid-water content of clouds can be determined has been developed 
and tested in flight and in wind tunnels with water sprays. In this 
aeroscope the cloud droplets are continuously captured in a stream of 
oil, which is then, photographed by a photomicrographic camera. The drop­
let size and size distribution can be determined directly from the photo­
graphs Cloud droplets are continuously captured in the stream of oil, 
but pictures are taken at intervals.... Because of mixing of oil in the 
instrument, the droplet-distribution patterns and liquid-water content 
values from a single picture are exponentially weighted values over a 
path length of about 3/4 mile at 150 miles per hour." 
The pickup probe was mounted on the airplane so that the pickup 
hole of 0.040 inches diameter would be in the undisturbed airstream. 
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Section 2. MECHANICAL SORTING 
Mechanical sorting is interpreted herein to refer to a process in which 
the drops were rendered solid so that they could be sorted "by means of a 
sieve. Included in this classification are the processes in which raindrops 
are permitted to fall into pans of flour for the production of dough pellets 
and in which the drops are frozen. In both methods the size-distribution of 
drops falling on a horizontal surface is determined. 
Dough Pellets 
The dough pellet system is a rather simple and inexpensive method. It 
can be placed in operation quickly as the apparatus required is readily 
available in any civilized area. Drops can be sized from a lower limit of 
0.4 mm diameter to the largest raindrops that occur. 
Disadvantages of this system include the number of man hours required 
to collect a limited amount of data, and the discontinuity of 'the "data 
collected. If sieves are used for sorting, problems arise due to the ir­
regular form of pellets resulting from large drop sizes. The lower limit 
Of 0.4 mm is unsatisfactory in light rain or drizzle situations. Serious 
problems arise if this method is attempted when high winds or gusts prevail. 
Laws (10-11) report that each sack of flour of the same brand needs cali­
bration . 
It is conceivable that an automatic machine might be made to accomplish 
these operations but the method would no longer be simple and probably would 
require a lot of attention. 
Ice Pellets 
The idea of sorting raindrops by freezing them first has been reported 
by Neuberger (2-7) and by Howell, Boucher, and Braun (1-23). Neuberger, after 
encountering serious difficulties when trying to freeze the drops in a cold 
liquid, suggests freezing in "the proper temperature gradient". If he meant 
permitting them to fall into an opening at the top of a refrigerated tower, 
the magnitude and expense of such a construction would be sufficiently serious 
to justify investigation of other methods of sizing raindrops. 
BIBLIOGRAPHY-MECHANICAL SORTING 
Dough Pellets 
(see also 10-11) 
2-1 Bentley, A., "Studies of Raindrops and Raindrop Phenomena." Monthly 
Weather Review, (Wash. D. C ) , 32:450-456, October, 1904. 
The method, as described by the author, was "to allow the raindrop 
to fall into a layer one inch deep of fine, uncompacted flour, with a 
smooth surface, contained in a shallow tin recptacle about four inches 
in diameter, which was generally expoaed to the rain for about four 
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seconds, although a longer time was given when the drops fell scatter-
ingly. The raindrops were allowed to remain in the flour until the 
dough pellet that each drop always produces at the bottom of the cavity 
was dry and hard." The pellets were sized by use of a scale calibrated 
in inches. Peculiarly shaped pellets resulting from large drops were 
illustrated. The bulk of the article was concerned with conclusions 
drawn from the analysis of 344 samples. 
2-2 Laws, J. 0., and D.A. Parsons, "The Relation of Raindrop Size to 
Intensity." American Geophysical Union, Transactions, Part II, 24:452-
459, 1943. 
The authors used the flour pellet technique, but, in addition, 
dried the pellets in an oven. Pellets were sized with sieves and the 
sortings were weighed. The flour was calibrated by weighing dried 
pellets produced by drops of a known size. A sample of typical data 
was presented. 
2-3 Chapman, G., "Size of Raindrops and Their Striking Force at the Soil 
Surface in a Red Pine Plantation." American Geophysical Union, Tran­
sactions , 29(5):66V670, October, 1948. 
Essentially the same method as that used by Laws and Parsons was 
reported. Size-distributions were shown. 
2-4 Blanchard, D. C., "The Distribution of Raindrops in Natural Rain." 
General Electric Research Laboratory, Schenectady, N. Y. Occasional 
Report 15, Project Cirrus, Final Report, Contract Wo. W-36-039-SC-38l4l, 
pp. 81-93, July 30, 1951. 
Problems of splashing and wind are discussed. Reports use of 
Schaefer's method of placing a 0.5 percent concentration of methylene 
blue dye in flour to produce blue pellets for easier sorting. Samples 
of data are shown. 
2-5 Bean, A. G. M., and D. A. Wells, Soil Capping by Water Drops. England. 
National Institute of Agricultural Engineering, Report 23, 11 pp., Oct., 
1953. 
The filter paper method was discussed and, for sizing of sprays 
from irrigation equipment, it was suggested that a dye be added to the 
water to produce a stain. A calibration curve of "Ford 428 Mill" 
blotting paper was given. 
The dough pellet method as used by Laws and Parsons (2-2) was re­
ported and a calibration curve for ordinary kitchen flour was shown on 
a graph. 
Drops of constant size were produced by use of a hypodermic needle. 
Small drops were obtained by blowing air down onto the hypodermic needle 
so that gravity was assisted in overcoming the surface tension and the 
drops fell before they reached maximum size. By varying the velocity 
of the air stream, drops of a wide range of sizes were produced. 
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Ice Pellets 
(see also 1-23) 
2-6 Landsberg, H., and H.Neuberger, "On the Frequency Distribution of 
Sleet-Drop Sizes." American Meteorological Society, Bulletin, 19:354-355, 
October, 1938. 
The authors report, "There exists, however, one situation when the 
measurements of drop sizes are made easy by nature itself and that is 
during the occurrence of sleet. True sleet is rain frozen while falling 
through a layer of cold air near the ground (ice rain in European 
terminology). The sleet drops are glass clear and hard." Pellets 
picked up in a storm were sized. Size-frequency data are presented 
in a table. 
2-7 Neuberger, H., "Notes on the Measurement of Raindrop Sizes." American 
Meteorological Society, Bulletin, 23:274-276, June, 1942. 
Many historical references were cited. The author reported ex­
periments with freezing raindrops in "a liquid of low freezing point, 
immiscible with water. . . . . The liquid had to maintain a low viscosity at 
low temperatures, in order to prevent spattering of the raindrops 
entering the liquid. The liquid was cooled from the outside by a 
mixture of dry ice and alcohol (approximately - 70°C); toluene and 
several other hydro-carbons were tried. The raindrops collected in 
the liquid froze instantly Two difficulties are encountered..... 
One, that the rapid cooling of the drops causes them to split into two 
practically perfect hemispheres.....Also, if the temperature of the 
surface of the collecting liquid is very low, a thin ice foil is 
formed by the sublimation of water vapor from the air For success­
ful application of this freezing method for collecting raindrops, it is 
necessary to determine the proper temperature gradient relative to the 
fall velocity of the drop. This condition would be in imitation of the 
natural sleet forming process." 
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Section 3 INERTIA SORTING 
Wind Tunnel 
A simple method of sorting raindrops by size was used by Bowen and 
Davidson (3-1). The drops were allowed to fall into a moving air stream 
and were sorted much as chaff is separated from grain. These drops were 
recorded on a moving belt of dyed filter paper. 
There are a number of disadvantages involved in this method. Drops 
must fall into the device almost vertically to avoid initial displacement 
due to the angle of approach. Thus, sorting becomes quite complicated under 
windy or gusty conditions. If shelters are built, the drops may fall verti­
cally in the sheltered area; but in most cases, the sample is disturbed due 
to sorting caused by the shelter. 
Large drops cannot be sorted by such a device since they are given very 
little deflection by the cross wind in falling a short distance through the 
wind tunnel. This instrument is suitable only for drop sizes from 0.3 to 
1.5 mm in diameter. Small drops would be blown out of the tunnel with in­
creased wind velocities. Also, an increase in wind velocity would tend to 
break up the larger drops. Since filter paper is used as a recording device, 
large drops would splatter upon hitting the paper. After the drops are 
recorded as spots on filter paper, some method of counting must be used 
before a drop-size distribution is obtained. 
Multicylinder 
Originally the multicylinder method was primarily concerned with air­
craft icing. Since drops of various sizes in an air current have different 
trajectories in passing over cylinders of different sizes, the impingement 
of drops on these cylinders gives an indication of the drop-size distribution. 
When these multicylinders were used in supercooled clouds, most of the 
impinging droplets froze on the rotating multicylinders. 
A modification of the multicylinder method involves charging the drops 
with a corona discharge upstream from the multicylinders (3-2). Droplets 
impinging on the multicylinders leave an accumulated charge that can be read 
directly to give an indication of the number of drops impinging on the 
cylinders. Dyed filter paper can also be used to record the drops impinging 
on the multicylinders (3-5). 
The multicylinder method has little value as a device for obtaining the 
drop-size distribution in natural rain. Multicylinders are not suitable for 
large drops as they are deflected very little by the cylinders. The multi-
cylinder method does not measure the actual droplet-size distribution but 
rather how closely the cloud corresponds to an assumed droplet-size distri­
bution. Using the multicylinder method at ground level would require attaching 
the multicylinders to a revolving arm so that a suitable velocity could be 
obtained. 
Keily (7-4) stated, regarding impact type devices, "corrections for the 
lost count have been based in large part on unverified theory." 
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BIBLIOGRAPHY - INERTIA SORTING 
Wind Tunnel 
(see also 7-4, 8-7) 
3-1 Bowen, E. G. and K. A. Davidson, "A Raindrop Spectrograph." Royal 
Meteorological Society, Quarterly Journal, 77:445-449, July, 1951. 
This device is a form of mass spectrograph in which falling rain­
drops are deflected by a horizontal air current. A sample of the drops 
being investigated is allowed to fall through a small orifice in the 
top of a low-velocity wind tunnel. The drops are deflected downstream 
a distance which is approximately inversely proportional to their mass. 
If the sample contains a distribution of drop sizes, they spread out 
along the bottom of the tunnel according to size. There the drops 
impinge on sensitized filter paper, and if this paper is moved slowly 
at right angles to the air stream, a continuous record is obtained 
showing the variations in the spectrum with time. 
A spectrograph was constructed according to this principle having 
a tunnel approximately six feet long with a rectangular working section 
4 inches wide and 10 inches deep. Honeycombs were placed at both ends 
to obtain a uniform air flow, and an air velocity of 18 ft per second 
was maintained by means of a small electric fan. Near the center of the 
tunnel there was a circular aperture 1.5 inches in diameter surrounded 
by a funnel through which the raindrops fell. The orifice in the funnel 
was also circular and accurately 1 square inch in area. 
The recording paper used was No. 1 Industrial filter paper, lightly 
dusted with rhodamine dye. It was fed through the tunnel on rollers 
driven by an electric motor. Since the drops must travel vertically 
when entering the spectrograph, the instrument was installed near the 
center of a courtyard 112 ft by 34 ft surrounded by walls 40 ft high. 
It is also desirable to place a funnel a few feet in diameter around 
the orifice to protect the drops from drafts in the last part of their 
fall. These precautions are usually sufficient to ensure that rain­
drops fall in a nearly vertical direction into the tunnel, but the 
instrument must nevertheless be used with discretion. This design was 
suitable for drops from 0.3 to 1.5 mm in diameter and is therefore 
useful for light rain. Typical spectra are given from continuous rain 
and from showers. 
Multicylinder 
3-2 Brun, R. J., J. Levine and K. S. Kleinknecht, An Instrument Employing 
a Coronal Discharge for the Determination of Droplet-size Distribution 
in Clouds. National Advisory Committee for Aeronautics, Technical Note 
2458, 1951. 
A flight instrument that electrically measures droplet-size distri­
bution in above-free zing clouds has been devised and given preliminary 
evaluation in flight. An electric charge is placed on the droplets by 
means of a corona discharge. The droplets are then separated aerody-
namically according to their inertia. The charge placed on the droplets 
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is a function of the droplet size. The size spectrum can be determined 
by measurement of the charge deposited on cylinders of several different 
sizes placed to intercept the charged droplets. An expression for the 
rate, of charge acquisition by a water droplet in a field of coronal dis­
charge is derived. The results obtained in flight with an instrument 
based on the method described indicate that continuous records of 
variations in droplet-size spectrum in clouds can be obtained. The 
experimental instrument was used to evaluate the method and was not re­
fined to the extent necessary for obtaining conclusive meteorological 
data. 
A distance of 7.5 cm between the anode and the cathode plates was 
determined to be the maximum spacing allowable for a steady coronal dis­
charge with the direct current potential of 25,000 volts available to 
apply across the plates. 
3-3 Brun, R. J. and H. W. Mergler, Impingement of Water Droplets on a 
Cylinder in an Incompressible Flow Field and Evaluation of Rotating 
Multicylinder Method for Measurement of Droplet-size Distribution, 
Volume-Median Droplet Size, and Liquid-Water Content in Clouds. National 
Advisory Committee for Aeronautics, Technical Note 2904, 1953. (Super­
seded by NACA Rep. 1215, 1955 (3-6) ). 
3-4 Lewis, W., P. J. Perkins and R. J. Brun, Procedure for Measuring Liquid-
Water Content and Droplet Sizes in Supercooled Clouds by Rotating 
Multicylinder Method. National Advisory Committee for Aeronautics, 
Research Memorandum E53D23, 1953 (Superseded by NACA Rep. 1215, 1955 
(3-6) ). 
3-5 Von Glahn, U. H., T. F. Gelder, and W. H. Smyers, Jr. A Dye-Tracer 
Technique for Experimentally Obtaining Impingement Characteristics of 
Arbitrary Bodies and a Method for Determining Droplet-Size Distribution, 
National Advisory Committee for Aeronautics, Technical Note 3338, 1955. 
A dye-tracer technique has been developed whereby the quantity of 
dyed water collected on a blotter-wrapped body, which has been exposed 
to an air stream containing a dyed-water spray cloud, can be colori-
metrically determined. Local collection efficiencies, total collection 
efficiencies, and rearward extent of impingement on the body are there­
by obtained. In addition, a method has been developed whereby the 
impingement characteristics obtained experimentally for a body can be 
related to theoretical impingement data for the same body to determine 
the droplet-size distribution of the impinging cloud. The humidity of 
the air stream must be near saturation. 
3-6 Brun, R. J., W. Lewis, P. J. Perkins, and J. S. Serafini, Impingement 
of Cloud Droplets on a Cylinder and Procedure for Measuring Liquid-
Water Content and Droplet Sizes in Supercooled Clouds by Rotating 
Multicylinder Method. National Advisory Committee for Aeronautics, 
Report 1215, 1955. 
Evaluation of the rotating multicylinder method for the measurement 
of droplet-size distribution, volume-median droplet size, and liquid 
water content in clouds showed that small uncertainties in the basic 
data eliminate the distinction between different cloud droplet-size 
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distributions. These uncertainties are a source of large errors in the 
determination of the droplet size. The actual distribution of cloud-
droplet sizes cannot be determined as such by the multicylinder method, 
but the distribution can be approximated by comparing the flight data 
with values of collection efficiency calculated for hypothetical droplet-
size distributions. Calculations of the trajectories of cloud droplets 
in incompressible and compressible flow fields around a cylinder were 
performed. From the computed droplet trajectories, the following 
impingement characteristics of the cylinder surface were obtained and 
are presented in terms of dimensionless parameters: total rate of water 
impingement, extent of droplet impingement zone, and local distribution 
of impinging water on the cylinder surface. 
The rotating multicylinder method for in-flight determination of 
liquid-water content, droplet size, and droplet-size distribution in 
icing clouds is described. An evaluation of the multicylinder method 
includes deviations in final results due to droplets that do not freeze 
completely upon striking the cylinders, as well as probable errors 
caused by the inherent insensitivity of the multicylinder method. 
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Section 4  VELOCITY SORTING 
Since the terminal velocity in air is less for a small drop than for a 
large one, velocity can be used as a method of sorting drops according to 
size. This method involves several assumptions that are not usually valid 
in a rain. All drops must be falling vertically at their terminal velocity. 
This assumption requires that there be little or no air velocity or turbulence 
in the vicinity of the sampling equipment. This condition is usually not the 
case (l8-l, 18-3, I8-5). All drops must be assumed to fall from a point or 
a line source. In practice, this is not possible as the drops must be per­
mitted to fall through an opening of finite size. 
Schmidt (4-1) built an instrument which used two revolving discs to sort 
the drop sizes according to the velocity of the drops and to determine the 
velocity of the drops. The drops fell through a slot in the top disc onto 
treated filter paper on the bottom disc. If filter paper is used as the 
recording medium in this instrument, the maximum drop size that can be 
determined is limited (1-8). For drops larger than 8 mm in diameter, there 
is little difference in the terminal velocities and thus separation on this 
basis would be difficult. 
Although the velocity method of sorting drop sizes gives good results 
under some conditions of operation and could be redesigned to give an auto­
matic presentation of data, it is not suitable for operation under the 
conditions usually encountered in a thundershower. 
BIBLIOGRAPHY-VELOCITY SORTING 
4-1 Schmidt, W. "Eine unmittelbare Bestimmung der Fallgeschwindigkeit von 
Regentropfen." (A direct determination of the velocity of fall of 
raindrops) Sitzungsberichte der Kaiserlichen Akademie der Wissenschaften, 
Wien, Mathematisch-Naturwissenschaftlichen Klasse, 118 (2A):71-84, 1909. 
A method for measuring rain velocity and drop size by two horizontal 
revolving discs is described. The lower disc, 30 cm in diameter, is 
covered with dye-treated filter paper. The upper disc, 40 cm in diameter, 
has a 15 degree sector removed which extends to about 5 cm from the border. 
These discs, rigidly mounted on a vertical shaft, were separated by a 
distance of 20 cm. The entire assembly was rotated with a uniform speed. 
Raindrops were allowed to fall through the slit in the top disc and 
onto the filter paper on the lower disc. Since large drops fall with a 
higher velocity than small drops, the displacement of the small drops on 
the filter paper is greater than that of the large drops. The speed of 
rotation, distance between the discs and the displacement from the slit 
to the splotch are related to give the velocity of the drops. The drop 
sizes were obtained by calibrating the filter paper. Schmidt determined 
the size and the velocity of fall of over 3300 drops in this manner. 
4-2 Weyel, H., "Wie misst man Gewicht-Volumen und Geschwindigkeit der Regen-
tropfen." (How one measures weight, volume, and velocity of raindrops) 
Kosmos, Handweiser fuer Naturfreunde, Stuttgart, Vol. 8, p. 70, 1911. 
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Schmidt's apparatus (4-1) is described. This equipment was used 
with a cover, in rain, to give drop sizes and the velocity of fall of 
raindrops. A table is included, from Schmidt (4-1)t which gives the 
velocities of drops from O.38 to 3.34 mm in diameter. The apparatus 
is not adapted to stormy weather. Errors are caused by the slit width 
and by turbulence due to the rotation of the discs. The author includes 
discussions of work done by Wiesner, Lenard, Mache, and Schmidt. 
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Section 5 ENERGY SORTING 
Three methods of sizing and counting raindrops have been used which de­
pend upon the kinetic energy of the drops. Two of these, the microphone 
technique and the pen arm technique, are of doubtful value because of the 
variations in the kinetic energy of the drops near the ground. Low-level 
atmospheric turbulence produces a considerable variation in the kinetic 
energy of the drops, especially for drops of 1 mm diameter or smaller. 
The third method, the aluminum foil technique, can be used on an air­
craft in flight or on a revolving arm. Here, due to the high kinetic energy 
of the drops relative to the foil, atmospheric turbulence is not a serious 
problem. However, aerodynamic sorting and resolution are serious problems. 
Microphone 
The microphone technique in its simplest form consists of exposing some 
type of microphone to falling raindrops. The impact of the drops on the 
microphone produces an effect similar to rain falling on a metal roof. The 
amplitude of the response produced by the microphone is said to be propor­
tional to the momentum of the drops hitting the microphone. 
Such a device would have the advantage of being relatively simple to 
construct and operate, A multitude of such units could be built cheaply for 
use in networks, with data being recorded on magnetic tape. 
Unfortunately such a simple system would not give reliable information. 
The momentum of a raindrop is the product of its mass and its velocity. This 
velocity cannot be assumed to be the terminal velocity of raindrops in still 
air because of the presence of mechanical turbulence occurring near the 
ground. This mechanical turbulence is caused by the resistance of hills, 
trees, buildings, etc. to the smooth passage of the air over the ground. 
Such turbulence produces vertical currents near the ground with root mean 
square eddy velocity values from about one-third the mean wind speed at six 
feet above the ground to about one-fifth the mean speed at 150 feet eleva­
tion (18-3). Thus a mean wind speed of 50 miles per hour at the surface 
gives a mean vertical eddy velocity of about plus or minus 7.5 meters per 
second. A wind speed of 30 mph gives mean vertical velocities of plus or 
minus 4.5 mps. 
Values of terminal velocity given by Gunn and Kinzer (7-3) for water 
drops in still air vary from about 9.2 meters per second for a 5.8 mm 
diameter drop to 0.3 mps for a 0.1 mm drop. Thus a 1.0 mm drop could be 
moving with almost no vertical velocity or moving at about two times its 
terminal velocity as the result of eddy currents from a 30 mph wind. Such 
calculations show that a simple microphone at ground level is entirely 
unreliable as a pick-up device for counting and sizing raindrops. A sta­
tistical correction could not be used to correct for these errors due to 
the erratic nature of turbulence and the non-linear relation between drop 
diameter and momentum. 
The effect of the erratic motion of the drops can be minimized by 
moving the microphone through the sample with a high velocity relative to 
the raindrops. This arrangement would be more desirable operating from an 
aircraft than from a revolving arm at ground level. The air speed of a 
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plane can be determined and maintained with reasonable accuracy. The air 
speed of a microphone revolved on an arm would be highly variable due to a 
doubling of the effect of the horizontal wind velocity. If the microphone 
revolved with a linear speed of 50 mph in a 30 mph wind, the velocity of the 
drops relative to the microphone would vary from 20 mph to 80 mph. 
Shielding a microphone so as to protect it from mechanical turbulence 
would, undoubtedly, result in aerodynamic sorting of the particles and a 
non-representative sample at the sampling area (microphone). Shielding a 
microphone on a revolving arm to avoid the effects of horizontal wind 
velocity would similarly make the sample sensed different from a corre­
sponding sample in the free air at a distance from any shielding. 
The use of the microphone technique for airborne operation also intro­
duces problems. Cloud droplets are small and subject to severe aerodynamic 
sorting. This sorting is difficult to determine exactly for such a device 
and is also a function of air speed, microphone size and shape, etc. 
The microphone technique is further complicated by the necessity of 
using several microphones to cover a range of drop sizes from 0.5 mm to 5.0 mm 
(5-2, 5-6). Care is required in the design and construction of the micro­
phones to avoid a variation in response from the center of the microphone to 
the edges (5-3, 5-6). Buffeting of the microphone by the air stream creates 
a "noise" problem. 
Impact on Pen Arm 
The energy of impact of raindrops hitting a pen arm has been used to 
produce a deflection of the pen. This deflection is proportional to the 
energy of the drop, and it can be used to give a permanent record on a 
rotating drum passing beneath the pen. This device has been credited to 
Neal and Bayer, 1940, but no further published information has been found 
about this instrument. 
Such a device is subject to several problems. If only one drop is 
supposed to hit the pen at a time, the contact area must be small. Serious 
edge effects would result from such a small area. The pen arm is also 
affected by the change of kinetic energy of the drops due to low-level 
atmospheric turbulence. These limitations make the pen arm technique of 
doubtful value for use in sizing and counting raindrops. 
Impact on Aluminum Foil 
The impact of raindrops on airborne strips of aluminum foil has been 
utilized to produce permanent drop images on the foil (5-9). This process 
offers an easy method for obtaining an automatic, continuous record of the 
raindrops encountered in flight. Such a device can also be rotated on an 
arm to produce a similar record at the ground. 
Since the indentations produced by the drops as they hit the foil are 
a function of the kinetic energy of the drops relative to the foil, the 
image sizes are a function of the air speed as well as of the drop diameters. 
Thus the aircraft must operate at a nearly constant speed for accurate 
results. 
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Such a process is also subject to aerodynamic sorting. The image-size 
distribution found on the foil is not the same as the drop-size distribution 
in the undisturbed atmosphere. A much larger percentage of the large drops 
hit a one-inch wide foil than is true for the small drops. Most of the small 
droplets continue in the air stream around the foil. 
A further objection to the aluminum foil technique is due to the diffi­
culty in sizing the drop images on the foil. These images do not appear to 
he subject to machine counting. The contrast between the images and the 
surrounding foil is not great enough. The images are irregular in shape, 
and a gauze backing produces a regular background imprint on the-foil. 
BIBLIOGRAPHY - ENERGY SORTING 
Microphone 
(see also 8-4, 8-7) 
5-1 Schindelhauer, F., "Versuch einer Registrierung der Tropfenzahl bei 
Regenfallen". (An attempt to record the number of drops in rain) 
Meteorologische Zeitschrift, (Brunswick), 42:25-27, 1925. 
An instrument was described which utilized the kinetic energy of 
falling raindrops hitting a membrane to provide a continuous, automatic 
registration of the drops. This instrument utilized an acoustical 
system consisting of a membrane and an open pipe for resonance. The 
vibration was picked up by a microphone and changed to an electrical 
wave train of the same frequency. These waves were amplified and 
rectified to produce a direct current impulse. This impulse was 
recorded on a revolving drum driven by a clock mechanism. 
The membrane used in this instrument was tilted so that the water 
would run off readily. The drops were allowed to fall through a hole 
onto the membrane, and only the center of the membrane was used. The 
size of this hole was selected so that no more than one drop would hit 
the membrane at a time. 
Measurements were made to determine the average electrostatic 
charge on the drops. They included measurement of the amount of 
electricity over a two-minute period, collection of the volume of 
rain over the same time interval, and a count of the number of drops. 
5-2 Perez, A. A., The Analysis and Preliminary Synthesis of a Drop Size 
Distribution Measuring System. Mass. Institute of Technology, S. M. 
Thesis, 74 pp., 1949. 
A direct procedure of synthesis based on a frequency response 
method of analysis is demonstrated in the design of a proposed air­
borne impact system for measuring the raindrop size distribution 
encountered in the atmosphere. Anticipated results of the analysis 
and synthesis procedure proved to be physically impossible. This 
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analysis assumed 9000 impacts" per second with, drop sizes ranging from 
0„5 mm to 5.0 mm diameter. Several sampling discs would be required 
to meet these conditions. This analysis is corroborated by an investi­
gation of R. Gunn, 1944. 
5-3 Cooper, B. F., "A Balloon-borne Instrument for Telemetering Raindrop-
size Distribution and Rainwater Content of Cloud." Australian Journal 
of Applied Science, 2:43-55, March, 1951. 
An instrument is described and illustrated which gives quantitative 
information on raindrop size and water content of clouds. The device is 
carried by a balloon and the data are transmitted to the ground by radio. 
Drops are detected at the transmitter by their impact on a horizontally-
mounted microphone, the force of impact being a measure of drop size. 
The microphone diaphragm finally adopted employed a stretched rubber 
sheet, metallized to render it conductive. The working diameter of the 
diaphragm was 2 inches. 
By means of the microphone, each drop produced a transient modu­
lation of the transmitter carrier to an extent that depended on drop 
size. On the ground a receiver demodulated the transmission and 
reproduced impulses which were in turn a measure of drop size. Aux­
iliary circuits sorted these pulses into a number of amplitude groups 
and the total count in each group was registered on an electric counter. 
Rainwater amount was measured by a similar transmitter which had a 
catching funnel mounted above its microphone. Water caught in the 
funnel fell onto a second microphone in the form of drops of known 
size. 
Besides data on construction, circuits, calibration, and accuracy, 
the actual records are given. It has been found difficult to extend 
drop-size measurements below about 0.5 mm diameter, due to acoustic 
noises which mask the impact of the drops. Statistical corrections are 
made for the variation in the response of the microphone - about 25 per 
cent - from the center to the edge. 
5-4 Maulard, J., "Measure du Nombre de Gouttes de Pluie." (Measurement of 
the number of drops of rain) Journal Scientifique de la Meteorologie, 
(Paris), 3 (10):69-73, 1951. 
A remote recording device was constructed which measures the number 
of raindrops or snowflakes falling on a surface per minute. Each drop 
of water received by the membrane of a modified telephone transmitter 
gives an impulse which, when amplified, activates a recording device. 
The apparatus is not sensitive to outside noise. Drops of rain equal 
to or greater than 0.5 mm diameter which fall on the diaphragm are 
recorded provided they are separated by a time interval of not less 
than 0.2 seconds. Wiring and schematic diagrams and examples of 
records are presented. The differences between records from a rain­
storm, a snowstorm, and a thunderstorm are shown. 
5-5 Katz, I., "A Momentum Disdrometer for Measuring Raindrop Size from 
Aircraft." American Meteorological Society, Bulletin, 33:365-368, 1952. 
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An airborne Instrument was developed at the Naval Research Laboratory 
which measures both the liquid-water content and the drop size simul­
taneously. The instrument is primarily a capillary collector inside of 
which is mounted a condenser microphone which is imbedded in water to 
measure the acoustic wave generated by the transfer of energy from the 
raindrop to the pickup. A capillary collector and flow meter measure 
total liquid water; the microphone measures the drop mass (by measuring 
momentum). The continuous record from an oscilloscope is recorded on 
film and yields a spectrum of drop size for a particular rain. 
Wo attempt was made to calibrate the momentum disdrometer. The 
author suggests a method of calibration whereby the disdrometer is 
mounted on a rotating arm moving at aircraft speeds through a pattern 
of droplets of known size. The liquid water collector also provides a 
check on the system. 
5-6 Smulowicz, B., Analysis of the Impactometer, an Instrument for Measur­
ing the Distribution of Raindrop Sizes Encountered in Flight, 
Mass. Institute of Technology, S. M. Thesis, Technical Report 19, May, 
1952. 
An impactometer has been designed as an airborne instrument to 
measure the momentum of raindrops striking a sampling surface. From 
these measured values of momentum, the distribution of raindrop sizes 
can be obtained. An' analysis of the dynamic behavior of the impacto­
meter was made, utilizing the concept of electrical analogues. It is 
demonstrated that, due to the linearity and symmetry of the system, the 
response is independent of the position of impact on the sampling sur­
face. It is also shown that, if the duration of impact is sufficiently 
short, the peak amplitude of the response will be directly proportional 
to the momentum lost by the raindrop, and that it will be independent 
of the elastic constants and viscous friction appearing in the system. 
The range of the instrument is limited by the recovery time. To cover 
a range of drop sizes extending from 0.5 to 5.0 mm in diameter, at least 
two instruments must be used. 
The impactometer utilizes two diaphragms. The external diaphragm 
consists of thin, flexible, neoprene-rubber impregnated cloth with an 
aluminum disc at the center, A small inner diaphragm is connected to 
a thin rod which transmits motion to the moving-coil element of an 
electromagnetic transducer. The space between these diaphragms is 
filled with a viscous fluid. A disturbance caused by the collision of 
a raindrop with the disc is transmitted through the fluid to the inner 
diaphragm and to the electromagnetic transducer. 
5-7 Adderley, E. E., "The Growth of Raindrops in Clouds." Royal Meteorologi­
cal Society, Quarterly Journal, 79:380-388, July, 1953. 
A method is described by which the rate of growth of raindrops in 
clouds is deduced from the results of a balloon-borne radio transmitter. 
This apparatus was described by Cooper (5-3). The transmitter, during 
its ascension through the cloud, gives a continuous record of the drop-
size distribution of the rain. The values of the rates of growth of 
raindrops obtained in this manner differ considerably from those computed 
from accepted values of cloud-drop distributions and raindrop-collection 
efficiencies. 
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5-8 Lieberman, A., Development of a New Device for Counting and Sizing 
Atmospheric Precipitation, Illinois Institute of Technology. Armour 
Research Foundation. Proposal No. 56-644 C, 14 pp., April 30, 1956. 
Unpublished. 
If a membrane or plate is struck by a droplet of rain, hail, or 
sleet, a detectable sound will result. The peak amplitude of the sound 
will be a function of the kinetic energy of the droplet. By recording 
an amplitude and a wave shape, it should be possible to determine the 
size and type of particle which has produced the sound. Preliminary 
experimental work was done by dropping various sizes of water droplets 
and glass beads on a metal diaphragm which was placed over a microphone 
of a magnetic recorder. Oscilloscope patterns showed a distinct differ­
ence in shape for liquid and solid droplets and a difference in amplitude 
for liquid droplets of different sizes. 
Impact on Aluminum Foil 
5-9 Bigg, F. J., S. S. McNaughton, and T. J. Methven, The Measurement of 
Rain from an Aircraft in Flight. Farnborough, England. Royal Aircraft 
Establishment, Technical Note No: Mech. Eng. 223, 28 pp., September, 1956. 
Two methods were investigated as a means of measuring the size and 
concentration of raindrops from an aircraft in flight. One method con­
sisted of a sooted slide technique, and the other method involved using 
a thin metal foil backed by a fine wire gauze to obtain imprints of the 
drops. 
In the sooted slide technique, the drop size and quantity were 
recorded on a sooted gauze or plate exposed to the air-stream for a 
short period by means of, a shutter mechanism. Measurement of the 
exposure time and airspeed enables the concentration to be calculated 
from the area of catch and the number and size of the raindrop imprints 
in the soot. This technique was limited to speeds less than 170 knots 
because the soot was blown off the gauze at higher speeds. 
In the aluminum foil technique, the drops were allowed to impinge 
on a thin metal foil. The foil was backed by a fine wire mesh gauze 
so that each drop forced the foil into the mesh forming a permanent 
imprint of the gauze in the foil. Clear marks were obtained with 0.001-
inch aluminum foil over a speed range of 60 to 300 knots. At speeds of 
300 knots or greater, 0.002-inch aluminum foil was used to prevent 
tearing of the foil. The foil technique was found to be superior to 
the sooted slide technique since it can be used over a greater range 
of speeds and enables a continuous permanent record of the rain 
conditions to be taken. 
A continuous raindrop recording instrument was designed using 
aluminum foil one inch wide and 0.001-inch thick. The foil revolved 
upon a freely rotating drum having a surface of 200 mesh per square 
inch gauze. The foil is located behind a 3/8-inch by 3/4-inch slot. 
This paper includes extensive calibration data for sooted slides, 
sooted gauze, and aluminum foil. Apparatus is illustrated for producing 
uniform water drops in sizes, up to 6 mm diameter. This equipment utilizes 
a constant head reservoir, hypodermic tubes} and compressed air. Whatman 
No. 1 filter paper and Rhodamin G dye were used in the calibration of the 
equipment. 
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Sectlon 6 RADIOACTIVE SORTING 
A suggestion was made by Stout of the Illinois State Water Survey that 
attenuation of radiation from artificial radioactive elements might be used 
in the sizing of raindrops. Thicknesses of materials have been measured by 
placing them between a source of radiation and a meter equipped with a 
Geiger-Muller tube. Applications of this technique have been used for such 
varied purposes as measurement and control of the manufacture of strip 
materials and determination of the depth of snow (6-1). 
The method proposed here was that raindrops be permitted to fall be­
tween a radioactive element and a sensing device which would measure the 
reduction in radiation caused by the presence of each raindrop. It i& 
assumed that the reduction can be related to the size of the drop. Size 
of the device must be limited so that only one drop Is within the sensing 
volume at a time. 
This idea was discussed with Rose, Associate Physicist at Argonne 
National Laboratory. Rose indicated there is a possibility that some radi­
ation counting technique might be developed for use in counting raindrops. 
Difficulties are involved in the use of such a device.- Radiation counting 
techniques, as currently used, are of value for sensing and classifying very 
small quantities of radiation where time is not an important factor. If such 
techniques were adapted to sizing and counting raindrops, the level of radi­
ation would need to be raised considerably owing to the short time interval 
involved. This high level of radiation would produce a hazard both in the 
operation of the equipment and in the disposal of the materials used. 
Variation or decay of the source of radiation may be expected to cause 
a change in the calibration of this device. With the device stationary, the 
volume of rain sampled would be small. Serious objections to use of this 
method may be raised due to the radiation hazard and to the fact that the 
sensing and sorting-counting equipment adapted to size raindrops with a 
device of this type apparently has not been developed. 
BIBLIOGRAPHY - RADIOACTIVE SORTING 
6-1 Gerdel, R. W., B. L. Hansen, and W. C. Cassidy, "The Use of Radioisotopes 
for the Measurement of the Water Equivalent of a Snow Pack." American 
Geophysical Union, Transactions, 31 (3):449-453, June, 1950. 
A radio-telemetering snow gage has been designed which uses the 
principle of absorption of water (liquid or solid phase) of the gamma 
emissions from an artificial radioactive isotope. The radio-telemetering 
show gage has been used successfully to measure up to 55 water equivalent 
inches of snow by counting the pulses from a suitably located Geiger-
Muller tube. These pulses have been successfully transmitted and relayed 
by radio. Further progress is dependent upon the development of a relia­
ble radio communication system for use with the radioactive snow gage in 
remote high mountain areas. (Author's Ab.) 
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Section 7 SORTING BY CHANGE IN ELECTRICAL CHARACTERISTICS 
Devices considered in this section have the following characteristic in 
common: the size of individual drops or particles is determined by the amount 
of stimulation or variation in an electric current that a single drop causes 
by its presence in the sensing device. In general, devices in this category 
are limited in size due to the requirement that no more than one drop may be 
present in the sensing unit at any time. While this objection may be over­
come by moving the sensing element rapidly, the mechanism required will 
usually remove it from classification as simple and economical, except, 
perhaps, in an airborne unit. All devices in this group may be subject to 
calibration difficulties because they depend on the magnitude of pulse pro­
duced to measure drop size. Change or variation in any part of such a device 
will throw it "off calibration." Some of these devices have been criticized 
by Keily (7-4), due to the weakness of the pulse involved. However, he was 
interested, principally, at that time, in cloud droplets 1 to 150 microns in 
diameter. 
Corona Discharge and Magnetic Induction 
Smith (7-10) reports an indirect use of magnetic induction to measure 
the size of small drops (0.2 to 2.5 mm diameter). He measured the time of 
fall between two induction cylinders and, using previously determined termi­
nal velocities of water droplets, determined drop size. Gunn and Kinzer 
(7-3) report a somewhat similar experiment. 
It is conceivable that if a raindrop were permitted to fall first 
through a region of corona discharge to acquire a limiting charge (pro­
portional to the surface area of the drop) and then through one induction 
ring, the pulse induced would be related to size and therefore, be subject 
to calibration. A prototype of this kind of instrument was reported by 
Burnop (7-5). Difficulties in trying to charge drops were reported by 
Keily (7-7). If this difficulty cannot be overcome, there are three objec­
tions to this method, the other two being: small sample size, and the low 
charge on small droplets would be difficult to size. 
Corona Discharge and Collector Plate 
If a raindrop were permitted to fall first through a region of corona 
discharge to acquire a limiting charge (proportional to the surface area of 
the drop) and then onto a collector plate, the charge deposited on the 
collector might be amplified, sized and counted. It should be possible to 
relate the size of the charge to drop size for purposes of calibration. 
Keily (7-7) indicated that creation of the limiting charge presented 
difficulties and developed a modified version of this idea (7-7 and 7-8). 
Schotland (7-6), who was associated with Keily for a time, and Burnop, (7-5) 
believe that it should be possible to charge the drop to near the limiting 
value. Gunn and Kinzer (7-3) report charging artificially produced drops, 
but the magnitude of the charge was not used for the purpose of sizing them. 
If the difficulties of charging drops reported by Keily (7-7) cannot be 
overcome, three principal objections to this method may be raised, the other 
two being: small sample size and the fact that the charges on the small 
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droplets would be so small they would be difficult to size. 
Condenser Plates 
Keily (7-4) who was concerned with sizing cloud droplets (l to 150 
microns in diameter), said that use of the electrostatic condenser as a 
sensing element was unsuccessful owing to the small charges caused by the 
water droplets, dependence of the charge on the location of the passing 
drop within the condenser, and the effect of the amount of charge on the 
drop. However, a pre-charge to maximum would remove the last objection. 
He indicates that if sufficiently sensitive detection equipment were availa­
ble, the following factors, all of which would introduce further errors in 
measurement, must be considered:-
1. leakage resistance across the condenser supports in the presence 
of water, both liquid and vapor. 
2. parallel capacitance of supports and the attached electric 
circuits. 
3. temperature coefficients of capacitance and their corresponding 
errors due to variations in the ambient temperatures. 
4. change in dielectric constant with water vapor pressure. 
Smith (7-9 and 7-10) used a parallel plate condenser to size raindrops 
(1.5 to 6.0 mm diameter) but he was working on drop sizes larger than those 
which concerned Keily. The opinion that somewhat smaller drops can be sized 
satisfactorily was expressed by letter from Smith to the authors in which he 
states, "The condenser method is very satisfactory for drops greater than 1.0 
mm in diameter and can probably be developed to include drops down to 0.5 mm 
diameter. The lower limit of size is determined by the frequency stability 
of the 120 megacycles per second oscillator; the most important factor being 
the mechanical rigidity of the tuned circuit containing the parallel plate 
condenser." 
It may be concluded that the condenser method may be useful for sizing 
the larger drops but that it is not applicable to drops smaller than 0.5 mm. 
The electronic equipment used by Smith (7-10) was not simple and the sample 
taken was rather small. 
Electrical Resistance of Tape 
Fujiwara (7-11) reports the use of a balloon-borne, electronic device 
for measuring the size of spots on a filter-paper tape. For rains with small 
drops only, this method should be satisfactory, providing there is proper 
size opening and tape speed to avoid overlap of the drops. However, the 
areas where the raindrops are consistently small are limited. Blanchard 
(1-12, 1-13, 1-17) observed such conditions in Hawaii. 
Warner and Newnham (16-5) reported use of a somewhat similar device to 
measure the liquid water content of clouds from aircraft. It was not suc­
cessful in moderate or heavy rain. 
Electrical Resistance of Hot Wire 
The sizing and counting of cloud and aerosol particles up to about 40 
microns diameter was studied by Vonnegut and Neubauer (7-12). They permitted 
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particles to strike an electrically heated filament, causing a momentary 
current change as a result of the temperature change. Within the range of 
sizes studied, the large number of variables present caused the analysis to 
be very complex. For counting only, the method is less difficult. Extension 
of the method to raindrop sizes was not contemplated. 
Time of Vaporization from Hot Plate 
A suggestion was made by Atlas of the Air Force Cambridge Research 
Center that the time required to vaporize liquid from a hot plate might be 
used for sizing raindrops. The principles involved are very similar to 
those in the method studied by Vonnegut and Neubauer (7-12). Two important 
changes are: (l) that the time that the resistance of an electric heating 
element is changed due to presence of liquid on the plate is measured rather 
than the magnitude of the current change and (2) that large drops may be 
caught on a flat plate more easily than on a filament from which they readily 
can slip unvaporized. Vonnegut and Neubauer (7-12) expressed the belief that 
a layer of steam may cause larger particles to bounce off a filament. Such a 
layer probably would be a problem with the hot plate method. In addition, the 
other problems of the hot-wire method are common to this methods the large 
number of variables involved such as air speed, plate heating current, temper­
ature, and composition,drop size, collection efficiency, and limiting the 
sample to one drop at a time (more of a problem here because of the longer 
time to vaporize larger drops). 
BIBLIOGRAPHY - SORTING BY CHANGE IN ELECTRICAL CHARACTERISTICS 
Corona Discharge and Magnetic Induction 
(see also 1-9) 
7-1 Gunn, R., "The Electrical Charge on Precipitation at Various Altitudes 
and Its Relation to Thunderstorms." Physical Review, (N.Y.), 71 (3): 
181-186, February 1, 1947. 
The free electrical charges on individual precipitation particles 
were measured at various altitudes up to 26,000 feet by an induction 
method that avoided touching particles. 
A truncated sheet-metal cone was mounted on an airplane with the 
smallest circular opening of 9.62 square centimeters area presented 
face forward in such a way that precipitation coming through this 
opening would not touch the inner sides of the cone. Inside the cone 
were mounted two inducing rings] the forward one was 5 cm in diameter 
and 5 cm long,-while the rear ring was 12 cm in diameter and 5 cm long. 
The forward ring was highly insulated and connected through appropriate 
wires and shields to an oscillograph. The rear ring in the wider part 
of the cone acted an an electrostatic shield and waS grounded to the 
cone and to the frame of the aircraft. The whole assembly was mounted 
on a streamlined strut 45 cm below the fuselage where it was moderately 
well shielded electrically from the moving propellers and from sharp 
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points that might break into corona. With such a device it was found 
that very few precipitation particles ever hit the inducing ring and 
that it was simple to maintain the necessary high insulation even in 
the heaviest rain. The output from the inducing ring was fed into a 
standard high sensitivity amplifier and then to a pressurized cathode 
ray oscillograph. A 35 mm movie camera was arranged to take pictures 
of each single sweep. 
Charges which occurred in a weak cold front exhibiting no thunder­
storm activity were measured and reported. 
7-2 Gunn, R., "The Free Electrical Charge on Thunderstorm Rain and Its 
Relation to Droplet Size." Journal of Geophysical Research, (Wash. D. C.), 
54 (1): 57-63, March, 1949. 
This report presents observations and conclusions that were obtained 
using the equipment previously described (1-9). 
7-3 Gunn, R. and G. D. Kinzer, "The Terminal Velocity of Fall for Water 
Droplets in Stagnant Air." Journal of Meteorology, (Boston), 6 (4): 243-
248, August, 1949. 
The terminal velocities for distilled water droplets falling through 
stagnant air were accurately determined. More than 1500 droplets of mass 
from 0.2 to 100,000 micrograms, embracing droplets so small that Stokes' 
law was obeyed up to and including droplets so large that they were mechan­
ically unstable, were timed by a method employing electronic techniques. 
The apparatus is described, which includes a charge-inducing ring for 
the production of electrical charges on artificial water droplets at a 
controllable rate. A single carefully ground hypodermic needle of bore 
0.025 cm was suitable for production of droplets from the tiniest to 
10,000 micrograms. The largest droplets required a larger nozzle that 
was easily wetted by the discharged water. After terminal velocity was 
attained (20 meters allowed), it was measured by the time required to 
pass through two successive induction rings that were a known distance 
apart (30 to 100 cm). Tables and graphs show results. The over-all 
accuracy of the mass-terminal-velocity measurements is said to be better 
than 0.7 per cent. Drop sizes were determined by the method reported by 
Gunn (1-9). 
7-4 Keily, D. P., "Measurement of Drop Size Distribution and Liquid Water 
Content of Natural Clouds." Mass. Institute of Technology, Quarterly 
Progress Reports Wo. 1, 2, 3, Contract No. AF 19(l22)-245, Nov. 1, 1950 
to Feb. 28, 1951. 
Methods were considered that would measure from an aircraft the 
drop size and total liquid water content in natural clouds. Cloud" 
droplet size range studied was 1 to 150 microns in diameter. Impact 
and sedimentation types (cylinders, slides, etc.) were rejected due to 
problems of collection efficiencies. The author stated, "Corrections 
for the lost count have been based in large part on unverified theory." 
It was considered desirable to set a tentative requirement that the new 
method should not contact or otherwise" alter" the'size," shape, or relative 
position of the drops previous to or during their counting and sizing. 
Weaknesses of the glass slide method reported were: "(l) poor sampling 
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efficiency due to the time elapsing while changing slides, (2) the time 
spent in tedious evaluation of the count and (3) the variability of 
collection efficiency with air speed and drop size." 
Measuring droplet size by observation of optical diffraction rings 
or coronae was criticized because only the mean drop size is given; this 
method is most effective with drops of uniform size; and coronae are 
strong and easily measured only for drops less than 20 microns diameter 
Direct photography of droplets in a cloud was classed as a possibility. 
Measuring communities of droplets by the light scattering and attenuating 
method was unproved but initial computations for this method were made. 
Counting drops by the light scattered from each individual particle 
was said to be difficult because a very small amount of light energy is 
scattered by a single drop. Counting pulses of electric charge on a 
contacting probe in the air stream does not account for the initial 
natural charge on the cloud droplet which may be any value between 
positive and negative maxima, as determined by the drop size and atmos­
pheric leakage resistance. Also the probe may show a variable collection 
efficiency for the smaller droplets. 
Counting pulses of electric current induced in a magnetic coil or 
electrostatic condenser surrounding the air stream and the passing 
charged or uncharged drops has limitations because the water droplets 
induce very small currents or charges, and because these currents and 
charges depend on the location of the passing drop within the pickup 
coil or condenser. In this method, the induced effects may also be 
functions of the charge on the drop, which is randomly variable, as 
stated above. A pre-charge to maximum in an upstream device would 
remove this variation. Preliminary calculations indicate that a device 
carried in an aircraft at 200 mph (90 meters per second) should be 37.5 
meters long to achieve 95 per cent of full charge on all drops. Such 
length is inconvenient, if not impossible, on conventional aircraft. 
Calculations indicate it is not probable that the condenser method 
could be refined to detect single droplets in an airstream with presently 
available capacitance meters. Also the calculations neglected several 
important factors, all of which would introduce further errors in 
measurement, including: 
1. leakage resistance across the condenser supports in the presence 
of water both liquid and vapor. 
2. parallel capacitance of supports and the attached electric 
circuits. 
3. temperature coefficients of capacitance and their corresponding 
errors due to variations in ambient temperatures. 
4. change in dielectric constant with water vapor pressure. 
Conclusions of the report include, "electrical effects which might 
form the basis of an instrument for measuring drop sizes and number 
appear to be smaller than the sensitivity that can be obtained by de­
tectors now on the market or being developed." 
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7-5 Burnop, G. T., Prototype for a Drop Size Measuring Instrument. New 
York University, M. S. Thesis, May, 1956. 
Past methods of measuring raindrop sizes are discussed. A brief 
presentation of accepted drop charging theory is given. 
A new method of measuring drop sizes is described. A raindrop 
falls through a corona discharge field and acquires a charge near the 
equilibrium value. The drop then falls through a ring-shaped conduc-
tor. The voltage induced on the conductor is measured with an 
oscilloscope. 
The device used for experiments is intended as a prototype of a 
practical, raindrop size measuring instrument. Experimental data 
gathered with this prototype are discussed and evaluated. 
Recommendations relevant to. the development of an instrument from 
the prototype are made. Such an instrument would be advantageous be­
cause of its ability to accurately measure drop sizes over the entire 
range of raindrop sizes nearly instantaneously. (Author's Ab.) 
Corona Discharge and Collector Plate 
7-6 Schotland, R. M., An Instrument for the Determination of the Droplet 
Size Distribution in Clouds. Mass. Institute of Technology, D. Sc. 
Thesis, 1952. 
An instrument has been developed for the measurement of cloud drop-
size distributions. Measurements can be made of distributions comprising 
droplets whose range of diameters is from 2 to 50 microns at an average 
counting rate of 2000 per second. 
The operating principle is based upon the concept that the amount 
of electrostatic charge a droplet can acquire is limited by the break­
down potential gradient of the medium surrounding the droplet. It is 
shown that this charge is proportional to the surface area of the 
droplet. 
The limiting charge is obtained by passing the droplets through a 
coronal discharge chamber. The droplets are collected by means of a 
jet impinger in which the collector plate is an electrical probe. The 
distribution of signal pulses generated by the collector probe is 
amplified and then directed into a special evaluator which automatically 
computes the droplet size distribution. 
Equations describing the performance characteristics of the 
instrument are reported. 
An experimental technique for the determination of the collection 
efficiency of the instrument as a function of a droplet size is included. 
(Author's Ab.) 
7-7 Keily, D. P., Measurement of Drop Size Distribution and Liquid Water 
Content in Natural Clouds. Mass. Institute of Technology, Final Report, 
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Contract No. AF 19(122)-245, Sept. 30, 1954. 
An infrared transmissometer was developed to measure the size 
distribution and total number of water droplets in a natural cloud. 
The range was 1 to 32 microns diameter. The instrument also functioned 
as a liquid water content meter. Incidental to the development of the 
transmissometer, machine computations of effective transmission cross-
sections of water drops with complex index of refraction have been made. 
These are of significant value in investigations of the light scattering 
power of aerosols. If the wavelength variations of total depletion are 
observed for a cloud, sufficient quantities become known to enable 
solving for the size distribution. 
Improvements were made to the glass-slide cloud camera, but they 
were not proven by field tests. Purdy and Franklin (1-35) reported 
these slide coatings were studied and the most satisfactory one was 
found to be a mixture of a special automobile crankcase oil, a spar 
varnish, and Vaseline. 
An electronic probe-type instrument for sizing and counting cloud 
drops was developed and calibrated in the laboratory in the size range 
of 4 to 50 microns. Initially, it was intended to artificially charge 
all droplets upstream from the probe so that maximum signals for each 
size would result on impact. Considerable effort was spent in devising 
ion current charging chambers. It was found that the more effective the 
charger, the more completely it precipitates the particles out of the 
air stream. Abandonment of the whole idea of precharging by ion 
current chambers was followed by substitution of a charged probe tar­
get inside a grounded housing with a pinhole entry. The electric pulse 
resulting on contact was ascribed to a charge induced on the previously 
neutral particle as it traveled within the grounded housing toward the 
charged probe. The pulses observed were found to be proportional to 
the square of the drop diameter within a very few per cent. The col-
lection efficiency of the probe proper (target) within the housing was 
effectively 100 per cent for 4.4 micron drops. This high efficiency 
was obtained by an aspirating air speed approaching Mach 1 (700 mph) 
in the entry hole of the housing. Of these three instruments, the 
electric probe can be most easily applied to airborne use. 
7-8 Keily, D. P., Measurement of Drop Size Distribution and Liquid Water 
Content in Natural Clouds. Mass. Institute of Technology, Scientific 
Report 2, Contract No. AF19(604)-1287, December 1, 1956. 
Cloud drop size distributions were observed on the ground at Mt. 
Washington, N. H., by both cloud camera and electric drop counter. 
See also Keily (7-7). Individual distributions in a few yards of air 
were found to vary enormously in both size and count. Distributions 
selected for similarity in peak frequency and maximum size were 
averaged and showed some slight consistency with respect to time and 
cloud trajectory. 
Some drop flattening and evaporation effects were discussed briefly 
with respect to the intended use. of a pistol grip drop-catcher in an 
aircraft. 
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Condenser Plates 
7-9 Smith, L. G., "New Method to Measure Raindrop Size." Illinois State 
Water Survey, Conference on Water Resources, Bulletin 4l, p. 299, 1951. 
A method was worked out at Cambridge, England, for measuring size 
of raindrops by a change in capacity of a parallel plate condenser when 
a drop falls between the plates. The effect of a drop was to produce 
a change of frequency in the circuit of an oscillator (120 mcps). The 
signal was reduced first to 10 mcps and then to 0.5 mcps, the frequency 
deviation being unaltered, and detected in a phase discriminator. In 
this way a voltage pulse was obtained which was proportional in magni­
tude to the mass of the drop. 
7-10 Smith, L. G., "The Electric Charge of Raindrops." Royal Meteorological 
Society, Quarterly Journal, 81:23-47, January, 1955. 
The observations which are described and discussed in this paper 
were obtained using equipment designed to record rapidly and without 
ambiguity, the electrical charge and size of individual raindrops. The 
electrical charge was measured by electrostatic induction on an open 
cylinder as the drop passed through, Gunn (7-1). The mass of the 
smaller drops (0.2 to 2.5 mm diameter) was determined from the time 
of' fall between two such cylinders. The two metal cylinders, arranged 
coaxially, were 5 cm long and 10 cm in diameter, having centers 20 cm 
apart. The total charge induced on the cylinders was found to be 74 
percent of the total charge on the drop, over the central area (7 cm 
diameter) through which drops were permitted to fall. 
The mass of the larger drops (1.5 to 6.0 mm diameter) was measured 
by the change in capacity of a parallel-plate condenser as the drop 
passed between the plates. The plates of the condenser were 10 cm by 
12 cm and the separation was 7 cm. The oscillator used a triode (type 
955) and had a frequency of 120 mcps. The frequency change produced 
by a drop was small (the change produced by a drop was 4.2 kilocycles 
per second for a drop 6 mm in diameter) but when the carrier frequency 
was reduced to 0.5 mcps by double superheterodyne (the first I. F. was 
10 mcps) the relative deviation was increased and could be detected in 
a phase-discriminator converter. The output of the converter was 
proportional to the frequency deviation and hence to the change in 
capacity. The apparatus was calibrated directly, using drops of known 
size. 
Electrical Resistance of Tape 
7-11 Fujiwara, M., "A New Radio-telemetering Apparatus for Measuring Rain­
drop-size." Papers in Meteorology and Geophysics, (Tokyo), 5 (1):41-46,  
April, 1954. 
A balloon-borne radio-telemetering instrument was described which 
measures raindrops employing filter-paper as a sensing part. A motor-
driven paper tape was moved past a slit where it was exposed to the 
rain. After a short distance it passed between two cylinders which 
constituted electrodes in the RC circuit of a low frequency oscillator. 
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The spots on the filter paper were detected electrically and the 
diameters of the spots were measured from the length of their recorded 
signals. The width of the tape and its speed should be determined so 
as to diminish the probability of the drops overlapping each other. 
An adjustable width was used. However, the smaller the width, the 
larger the probability of errors due to edge effects. While splatter­
ing of drops 0.18 mm diameter was observed, the author felt that the 
actual upper limit of usefulness would be about 3.0 mm diameter rain­
drops . 
Electrical Eesistance of Hot Wire 
7-12 Vonnegut, B., and R. Neubauer, "Detection and Measurement of Aerosol 
Particles by the use of an Electrically Heated Filament." General 
Electric Research Laboratory, Schenectady, N.Y., Occasional Report 29 
and Final Report, Project Cirrus, Contract No. N-36-039-SC-38141, pp. 
317-334, July 30, 1951. 
Meteorological Abstracts and Bibliography carries the following: 
"Report on laboratory tests with a small electrically heated filament 
for counting and measuring aerosol particles of water and other vapor-
izable substances. Large numbers of variables such as wire diameter 
and length, air speed, wire heating current, temperature and composition, 
particle size and composition, etc. made research a difficult task. 
Preliminary investigations are claimed to suggest usefulness of the 
tool for obtaining information on number and size distribution of 
particles." 
The hot-wire particle detector takes advantage of the sudden cooling 
which is produced when a small vaporizable particle collides with a heated 
filament. Air or gas containing the vaporizable aerosol particles being 
investigated was drawn at a fixed rate past a small filament electrically 
heated by the application of a fixed voltage. The filament was made of 
a metal, such as platinum, whose electric resistivity varies with temper­
ature. When an aerosol particle collided with the heated filament, the 
heat, necessary to raise the temperature of the particle to vaporize 
it, momentarily reduced the temperature of a portion of the filament 
and thereby momentarily reduced its electrical resistance. This 
momentary cooling produced a brief increase in the current flowing 
through the circuit, and this increase in current could readily be 
transformed into a voltage pulse by a circuit containing a transformer. 
Wire about 0.001 inches diameter and about 0.25 inches long was used. 
The instrument responded quickly to cloud particles but for larger 
drops, 25 to 40 microns, the relationship between drop size and the 
pulse produced became very complicated. 
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Section 8 OPTIC METHODS OF SORTING 
All methods reported in this section are characterized by the fact that 
the light scattered from illuminated particles is used to size the drops. 
In most cases the scattered light was caused to fall on a phototube and 
amplified for the purpose of measurement or of sorting and counting. In 
the first type reported, the light is scattered from individual particles, 
while in the latter two types, light-scattering from communities of particles 
was used for sizing. 
Light Scattering from Individual Particles 
Using the measurement of the light scattered from individual particles 
as a method for determining particle size has developed within the last fif­
teen years. It was used first to measure aerosol particles of a few hundred 
microns diameter down to sub-micron size. Later Mason and Ramanadham (8-7) 
in England and Dingle and Neilsen at Ohio State University (later Dingle 
alone (8-l4) at the University of Michigan) prepared similar instruments for 
sizing raindrops. While these instruments were similar in principle and 
purpose, the design was very different. 
The Mason and Ramanadham (8-7) instrument employed a mercury arc lamp 
and a rectangular, parallel beam 5 cm by 0.5 cm. The instrument was 
stationary and measured the drops falling on a horizontal area of 72 square 
centimeters. Illumination was such that use of the instrument in daylight 
was unsatisfactory. 
The Dingle device (8-14) used a ribbon filament projection type lamp 
and a focused plane of light. The sampling field was rotated by revolution 
of the entire sensing portion of the instrument. By this method a toroidal 
(doughnut shaped) volume was swept, giving a volume-based analysis and a much 
larger sample than if the sensing area were stationary. The volume swept 
was approximately O.O36 cubic meter in 10 seconds. In bright daylight the 
uneven illumination observed by the rotating sensing device recorded on some 
of the counters. However, such conditions are not common during precipitation, 
Keily (7-4) expressed the opinion that the energy of light scattered 
from individual particles would be too small to be distinguished from the 
noise in the system. While such problems have been encountered in daylight, 
both Mason and Ramanadham, and Dingle have expressed the belief that they 
can be overcome. 
Non-uniform illumination of the sampling field has been reported by at 
least three groups of scientists (8-7, 8-14, and 8-15). Non-uniform field 
of the photomultiplier is another possible source of error. It is believed 
that instrumental (8-l4) or statistical and electronic corrections (8-7 and 
8-15) may be applied to the data to rectify this problem. In the latter cases, 
samples must be large enough for application of statistical theory. 
Devices in this classification lose calibration if either the light 
source or photomultiplier changes due to aging. A device to correct the 
instrument automatically during two seconds out of every one minute of 
operation (or less" frequently if desired) was reported by Gucker (8-1). 
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While the optical-mechanical spectrometer developed by Dingle scans a 
very small sample, one-thirtieth of a cubic meter in ten seconds, a new 
model might be designed to size a larger sample. He stated, "the volume 
rate of sampling may, without apparent difficulty, be increased up to one-
hundredfold or so." 
In summary the method of sizing raindrops using photomultiplier tubes 
to receive light scattered from individual raindrops appears entirely 
feasible. This method has the important advantage that it gives immediate 
presentation of data while the drops are falling. 
The fact that the particles are sized by measuring the height of a 
pulse leads to calibration problems as components are subject to change 
due to aging. Introduction of more electronic equipment to monitor the 
original equipment may or may not improve the maintenance problems in­
volved. 
Light Scattering from Communities of Particles 
Devices which size droplets by measurement of light scattered from 
communities of particles were considered. It was found that this technique 
has been applied to cloud droplet sizes only, that is, a few hundred microns 
and smaller. Application of this method of sizing to raindrop sizes of 100 
microns in diameter and larger does not appear to be feasible. 
Corona Rings 
When a fog or cloud of uniform small particles occurs between a light 
source and an observer, optical diffraction rings or coronae may be observed. 
Such phenomena occur because the intensity of light scattered at certain angles 
is greater than at others. The angle is related to drop size and light wave­
length. Such phenomena are rather commonly observed in nature and are called 
halos around the moon or sun and rainbows. 
Keily (7-4) has criticized this technique for drop sizing because: 
only the mean drop size is given, it is most effective with drops of uniform 
size, and coronae are strong and easily measured only for drops less than 20 
microns diameter. 
The above objections eliminate this technique from consideration as one 
capable of measuring randomly distributed raindrops of 100 microns diameter 
and larger. 
BIBLIOGRAPHY - OPTIC METHODS OF SORTING 
Light Scattering from Individual Particles 
8-1 Gucker, F. T. Jr., "Determination of Concentration and Size of Parti­
culate" Matter by Light Scattering and Sonic Techniques." Stanford 
Research Institute, Los Angeles. First National Air Pollution 
Symposium, Proceedings, pp. 14-25, Nov. 1949. 
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The development of four instruments employing the light-scattering 
principle was reviewed. Two of the instruments were used for measuring 
mass concentrations and two for counting and sizing individual particles. 
A method of checking and automatically correcting for variations in the 
light source and photomultiplier for two seconds out of every minute, or 
at less frequent intervals, was described. 
Size measurements in a sonic field were described. The same system 
was reported more completely by Keily (10-5). 
8-2 Katz, R. E., Airborne Techniques for Studying Precipitation and Pre­
cipitation Clutter. Navy Laboratory, Washington, D. C, 4 pp., 1950. 
Mimeo. 
A disdrometer,capillary collector, electric field meter, wet-and-
dry bulb thermometer, and dew point meter were installed on a Navy PBM 
seaplane. The equipment was not described in detail. It was used in 
the Philippines in 1946, Panama in 1947, and at Key West in July 1950 
in connection with radar measurements of liquid water content of clouds, 
rainfall, etc. It was found that the disdrometer gave readings 5 to 
30 times as high as the capillary collector, which is considered to 
give more nearly representative values. Attempts to determine cause 
of errors are discussed. Equipment and mounting is illustrated. 
8-3 Bemis, A. C. et al, The Disdrometer, An Instrument for Measuring the 
Distribution of Raindrop Sizes Encountered in Flight. Mass. Institute 
of Technology, Technical Report 13, Contract No. W36-O39-SC-32038, 100 
pp. June 1, 1951. 
An instrument, called a disdrometer, was constructed and tested. 
It consisted of a detector unit and a sorter-counter. In the detector, 
the optic system was essentially a double telecentric system with a 
parallel light beam in the measuring section. Light which passed 
through the measuring section fell upon the phototube. Drops being 
measured passed relatively undisturbed through the parallel portion 
of the light beam. All light scattered by the drops through an angle 
greater than that subtended by the image aperture failed to reach the 
phototube. The resulting attenuation of the light, caused by each 
drop, was converted to an electrical pulse whose peak amplitude was 
a function of the maximum effective cross section of the drop. Most 
of the drops passed through the beam individually. 
Conclusions of the report stated that the instrument was not 
completely satisfactory. Its most serious fault was a constant ten­
dency to indicate total liquid water contents much higher than those 
measured simultaneously by simpler instruments. 
8-4 Cunningham, R. M., "Airborne Raindrop Size Measuring and Instrumental 
Techniques." Illinois State Water Survey, Conference on Water Resources, 
Bulletin 4l, pp. 285-291, 1951. 
A quick review was made of the disdrometer reported by Bemis (8-3). 
Some observations are reported as well as an attempt to improve the 
instrument by substitution of a microphone for the photo-sensitive 
detector. See Smulowicz (5-6) for details. 
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Three principal problems reported for the microphone detecting 
unit are: 
1. It must be designed so the noise produced by the impact of 
a drop will be much larger than aircraft noise. 
2. The oscillators produced in the instrument by the impact of 
a drop must be damped out very quickly so that the head unit can be 
ready to measure the next drop; that is, the recovery time should be 
as short as possible. 
3. The response across the sampling area must be constant for 
the same impact,, 
8-5 Katz, I., "Naval Research Laboratory's R5D." Illinois State Water 
Survey, Conference on Water Resources, Bulletin 4l, pp. 199-203, 1951. 
The drop-sizing device used was similar in most features to the 
disdrometer reported by Bemis (8-3). The latest flights reported gave 
results which indicated that the instrument was still reading unreason­
ably high as compared with the more acceptable values obtained by the 
capillary collector. 
8-6 Office of Naval Research, "NRL Develops Apparatus for Measuring Rain­
drop Size." Research Reviews, p. 25, March, 1952. 
Equipment reported by Katz (8-5) is pictured with a brief caption. 
8-7 Mason, B. J. and R. Ramanadham, "A Photoelectric Raindrop Spectrometer." 
Royal Meteorological Society, Quarterly Journal, 79:490-495, 1953. 
The introduction includes an historical account of drop-sizing 
methods and criticism of some of them. The wind tunnel developed by 
Bowen and Davidson (3-l) was reported to have three main disadvantages: 
1. It has a sampling area of only one square inch. 
2. It can deal only with vertically falling drops. 
3. It is suitable only for drop sizes from 0.3 mm to 1.5 
mm in diameter. 
The microphone method used by Cooper (5-3) was reported to have 
the following inherent difficulties. 
1. It is difficult to obtain uniform response over a microphone 
diaphragm which is large enough for edge errors to be unimportant. 
2. The noise level increases rapidly with the size of the 
diaphragm so that the detection of small drops is impaired. 
3. Errors arise from the shattering of the larger drops on 
impact. 
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4. It is a serious disadvantage to have the response be propor­
tional to the momentum, i.e., to be approximately the fourth power of 
the diameter. 
An instrument which gives a continuous, automatic record of the 
size distribution of raindrops at ground level was described. The 
raindrops were allowed to fall through a parallel, rectangular beam 
of light, the sampling area being optically defined (72 square centi­
meters by 0.5 cm deep). The light which was scattered by the falling 
drops at an angle of about 20 degrees was focused onto the cathode of 
a photomultiplier cell, each drop producing a voltage pulse of ampli­
tude roughly proportional to the cross-sectional area of the drop. 
The voltage pulses, corresponding to various drop-sizes, were sorted 
by electronic circuits into eight different size groups, the number 
in each group being recorded on a register. 
The calibration was frequently checked to correct for ageing of 
the mercury lamp and the photomultiplier. 
The sensitivity of the instrument was limited mainly by the in­
tensity of extraneous light falling on the cathode of the photomulti­
plier and by the inherent noise in the photocell itself. In daylight, 
drops falling outside the sampling area were also registered. However 
if the general level of illumination was low and steady, the bias on 
the discriminator could be adjusted so that only drops falling through 
the sampling area were registered.' Drops 100 microns in diameter could 
be detected. However, the instrument could not be used during daytime 
showers due to the variability in background illumination. An idea 
for overcoming this problem was discussed. 
It was believed that coincident counts would be negligible. Edge 
errors were twofold: 
1. Drops arriving at the edge were only partly in the beam. 
2. Intensity of the beam fell off towards the edges. By careful 
calibration of the sensitive region, appropriate corrections may be 
made to the readings of the counters. 
8-8 Gucker, F. T. Jr., and D. G. Rose, "A Photoelectronic Instrument for 
Counting and Sizing Aerosol Particles." British Journal of Applied 
Physics, (London), Supplement 3, pp. S138-S143, 1954. 
The instrument described, using a new arrangement of stops, collects 
light scattered between 1 and 24 degrees of the forward direction and 
focuses it upon a photomultiplier tube. The resulting electrical pulses 
were amplified, sorted with single-channel pulse height selector, and 
counted. With an aerosol refractive index 1.5., the instrument counts 
particles of 0.17 micron radius or larger, and its response is linear 
with radius over the range of 0.25 to 0.50 microns, with a sensitivity 
of 0.001 micron and reproducibility of 0.01 micron. Data for a typical 
l6-step histogram, based upon 3359 counts covering a range of 0.22 
micron, were obtained in 40 minutes, and could be obtained in 2 minutes 
with a l6-channel pulse height selector. (Author's Ab.) 
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8-9 Thuman, W. C, and A. G. Brown, "Preliminary Studies of the Intensity 
of Light Scattered by Water Fogs and Ice Fogs." Science, 120 (3128): 
996-997, Dec. 10, 1954. 
This study was initiated to investigate photometrically the angular 
variation of the intensity of light scattered by artificially produced 
water-and-ice aerosols and to evaluate the usefulness of photometric 
techniques for the study of Alaskan ice fogs and supercooled water fogs. 
In the notation used, direct transmission was 0-degree scattering, where­
as light scattered directly back toward the source would be 180-degree 
scattering. 
All tests of unseeded water fogs showed high-scattering intensities 
at lowrscattering angles, decreasing scattering to about 125 degrees and 
a maximum in high-angle scattering in the region of 147 degrees. In the 
region of 147 degrees, the scattering of an ice aerosol was one-fifth or 
less than that of a water aerosol having the same scattering at 90 de­
grees. A slight inflection in some ice aerosol curves in the region 
of 147 degrees probably indicated the presence of some water droplets 
or ice spheres. It was thought that this phenomenon might be used to 
determine the proportion of ice crystals to water droplets and ice 
spheres. 
8-10 Fisher, M. A., S. Katz, A. Lieberman, and N. E. Alexander, "The Aero-
soloscope; an Instrument for the Automatic Counting and Sizing of 
Aerosol Particles." Third National Air Pollution Symposium, Pro­
ceedings , pp. 112-119, April 18-20, 1955. 
The instrument developed, the aerosoloscope, was reported to be 
capable of yielding rapid measurements of particle concentration and 
size distribution in aerosols consisting of solid and liquid particles 
in the size range of 1 to 64 microns and initial concentrations ranging 
up to several thousand particles per cubic centimeter. 
The aerosoloscope operates in the following manner: 
1. A sample of the aerosols under study flows into the instru­
ment at a rate of 1.8 liters per minute. 
2. Provision is made for diluting the aerosol as required to 
permit electronic counting of individual particles at a rate of 2000 
particles per minute or less. Two stages of dilution at the ratio of 
10 to 1 are provided. One or two successive dilutions may be obtained. 
3. Aerosol particles pass through an illuminated region, with 
each particle generating a pulse of scattered light during its transit. 
4. The light which ,is scattered by a particle in a range of angles 
about 90 degrees to the direction of incident light is received on a 
photomultiplier, giving rise to an electric pulse, the amplitude of 
which is related to the size of the particle. 
5. The electrical pulses are amplified and then amplitude-sorted 
in 12 channels. Each pulse ultimately actuates and is recorded on one 
of 12 electromechanical counters corresponding to 12 size ranges of 
aerosol particles. 
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6. Provision was included in the aerosoloscope for monitoring 
air flow rates, electrical calibration and standardization, timing of 
samples, and other necessary controls. 
8-11 Gucker, F. T., Jr., and D. G. Rose, "The Response Curves of Aerosol 
Particle Counters." Stanford Research Institute, Menlo Park, Calif. 
Third National Air Pollution Symposium, Proceedings, pp. 120-130, 
April, 1955. 
In the successful development of photoelectronic aerosol par­
ticle counters, two different optical systems have been used which 
employ forward-angle and right-angle scattering, respectively. The 
desire to use such counters in particle-size determination led Gucker 
and Rose to make a theoretical investigation of these optical systems 
to determine which would be preferable. They calculated the response 
to be expected from spherical isotropic particles of various sizes in 
counters with various optical systems, lens apertures, and wavelengths 
of light. The light-scattering properties of such particles may be 
calculated from the Mie Theory. 
8-12 Illinois Institute of Technology, Automatic Counting and Sizing of 
Cloud Particles. Illinois Institute of Technology, Armour Research 
Foundation. Final Report, Contract No. AF 19(604)-1212, May 10, 1956. 
A cloud particle counter developed for the Air Force Cambridge 
Research Center is described. It was designed for automatic operation.-
An aerosol was aspirated into a detection region where incident light 
was scattered by the individual particles, the 90 degree component of 
the scattered light falling on a multiplier-phototube. An electronic 
detector-register system analyzed the pulses transmitted from the 
phototube and registered them in terms of particle size and concentra­
tion. 
The instrument was designed for operation with particles in the 
nominal size range of 1 to 64 microns diameter at 200 counts per 
second. The data were recorded on six channel amplifiers which may 
operate over the entire size range or in any lesser region of greater 
interest. 
The report described the instrument in detail. Full operating 
and maintenance instructions were included as well as a discussion 
of inherent and operating errors. 
The instrument bore a marked resemblance to the "Aerosoloscope 
(8-9). 
8-13 Gucker, F. T., Jr. "Aerosol Particle Counters." Purdue University. 
Paper at 11th Industrial Waste Conference, 1956. 
A number of particle counters of various types were described 
and the theory of light scattering was discussed. All of the counters 
were concerned with sizes from a few microns to sub-micron diameters. 
Thirty-five references were included. 
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8-14 Dingle, A. N., "Evaluation of a Photoelectric Raindrop-Size Spectro­
meter/" University of Michigan, Engineering Research Institute, Monthly-
Progress Letters Sept., 1956, to May, 1957, and Final Report, 2573-10-F, 
Aug., 1957. Unpublished. 
A prototype model of a raindrop-size spectrometer was evaluated 
to determine the feasibility of sizing by use of light scattered from 
individual particles. (See the schematic diagram, Fig. 8-14.1) A six 
volt, 100 watt ribbon-filament lamp served as the light, source. Light 
scattered at a forward angle of 450 was permitted to fall on a type 921 
photocell. (Figs. 8-14.2, 8-14.3, 8-14.4, and 8-14.5) Pulses initiated 
by light from the raindrops were sent through an amplifier and then via 
discriminators and suitable electronic triggers to an 8-channel integral 
pulse-height analyzer. 
To increase the volume scanned, the light source and photocell 
were mounted on arms and rotated at 180 revolutions per minute. The 
sensing volume thereby became toroidal (doughnut shaped) and included 
O.O36 cubic meters every ten seconds. 
The rotating assembly was placed inside an octagonal shaped box 
with a black interior to minimize the effect of extraneous light. 
(Fig. 8-14.6)' It served satisfactorily except in direct sunlight. 
The fields of both the light source and the photocell were mapped 
in the laboratory. (Figs. 8-14.7, 8-14.8, 8-14.9, and 8-14.10) 
Although the fields were non-uniform, it was believed that they 
could be corrected by introducing a variable density filter at the 
field stop. 
An edge effect error at the periphery of the field was present. 
The entire surface of the toroidal sensing volume was involved. 
Increasing the size of the revolved area would reduce the magnitude 
of this error. 
The boxes containing the light source and the photocell preampli­
fier assembly create turbulence as they rotate. While tests with coarse 
sprays show no visible deviations of the spray, in fog the disturbance 
is clearly evident. It is possible that natural wind will carry some 
of the eddies away from the instrument. Improved aerodynamic design 
is another approach toward improvement of this problem. 
Electronic noise was well below the level of any signal to be 
counted, but microphonic noise created a more substantial problem. 
Two probable sources were the air blast used to keep the lenses dry 
and the mechanical rotation of the instrument. The photometer 
structure was made as firm as possible and the air blast modified 
so that it generated very little noise while fulfilling its purpose. 
Three other steps believed desirable were (l) replacing the 38-tube  
preamplifier by one equipped with better microphonic characteristics 
such as the 6788 or the CK6247. (2) replacing the present fiber-board 
bearing with a heavy-duty ball bearing, and (3) improving the dynamic 
balance of the rotating head. 
Fig. 8-14.1 Schematic diagram of the photoelectric raindrop-size spectrometer using a photographic recording system. 
Fig. 8-li|..3 Optical detail of the photometer showing relationships among the photocell, 
the field stop, and the photometer lens. 
Fig. 8-14.2 Optical relationships of the light beam and the source image to the photo-
meter as seen from above. 
Fig. 8-14.4 View of the photometer with 
cover remcved showing (a) 921 phototube 
in place, (b) 38 tube, (c) batteries for 
21-V and 45-V supplies, (d) mounting 
clamp, and (e) support arm. 
Fig. 8-14.5 View of the photometer with 
cover and phototube removed showing (a) 
field-stop aperture, (b) lens, and (c) 
109-ohm Victoreen resistor. 
Courtesy Engineering Research 
Institute, University of Michigan 
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Fig. 8-l4.6 View of the spectrometer in the 
light shield, ready for operation in rain. 
Fig. 8-14.7 Calibration setup in laboratory showing spectrometer 
head tipped up on mounting board. Objects are (a) light-source 
box, (b) high-voltage drop dripper, (c) photometer box, (d) 
counter-panel, and (e) vacuum-tube voltmeter. 
Fig 8-14.8 Distribution of intensity of the light beam as determined using a photoelectric 
probe. Dashed lines and italicized figures are extrapolated. 
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Fig. 8-14.9 Distribution of photometer response to a constant 
intensity light probe in the central plane of the sensitive field. 
Fig. 8-14.10 Composite map of the sensitive field showing the 
distribution of the product (light intensity x photometer re­
sponse), values taken from Pigs. 8-l4.8 and 8-l4.9. 
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As a result of the microphonic noise in the system, the lower 
limit of drop sizes which could be recognized was of the order of 1000 
microns. However, with the improvements planned, this limit should 
be lowered substantially. Dingle believes that the lower limit of drop 
sizes may be reduced to less than 60 microns diameter. The upper limit 
of drop sizes should be above 3000 microns. He also indicated that the 
total error on sizing individual particles should not exceed about 33 percent 
of the diameter. 
Aging of the light source, of the batteries in the photocell-
preamplifier section, and of the photocell itself causes continual 
calibration problems. Improved and more elaborate design should re­
duce the magnitude of this problem and make calibration less difficult 
and less frequent. 
Dingle summarized his evaluation as follows: 
"It is apparent from the preceding material that the photoelectric 
raindrop spectrometer is still in a developmental state. It is oper­
ational at present, but there are many ways in which it might be improved." 
8-15 Hendrick, R. W., "Forward Scattering Disdrometer Research." Cornell 
Aeronautical Laboratory, Inc., Monthly Progress Letters 1-10, Contract 
Wo. AF 33(6l6)-3062, June, 1955 to Jan., 1957. 
An airborne instrument was developed to measure the size distri­
bution of cloud-moisture droplets. In this system, the magnitude of 
small angle (forward) scattering of visible light is used to measure 
size as droplets pass through the sampling field. 
The goal of this research was to develop an instrument which could 
obtain a complete spectrum of droplet radii from 2 to 62 microns 
diameter in 2 seconds, resolve that range into 30 geometrically spaced 
intervals, and display the results immediately on suitable registers. 
Major problems were (a) obtaining a very bright source of light 
and an efficient optical system so that the drop radii could be 
accurately determined, (b) adequately restricting the sampling field 
to avoid simultaneous occupancy by two droplets in more than 10 per­
cent of the cases, (c) providing fast electronic sorting circuits, 
(d) avoiding spurious counts, (e) providing uniform, undisturbed 
airflow through the sampling field, and (f) accurately calibrating 
the unit. 
A reduction in detection sensitivity near the edge of the sampling 
volume was found to be more significant than originally anticipated, 
but means were developed which compensate electronically for this , 
reduction. 
The instrument, at the time of writing, was undergoing flight 
testing. 
Light Scattering from Communities of Particles 
(see also 7-7) 
8-l6 Keily, D. P., Measurement of Drop Size Distribution and Liquid Water 
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Content of Natural Clouds. Mass. Institute of Technology, Quarterly 
Progress Report 4, Contract No. AF 19(l22)-245, March 1 to May 31, 1951. 
In the previous report, part C-4 , a procedure was proposed which 
measures drop size by measurement of infrared transmission at a number 
of wavelengths. In this report some transmission measurements at 
several wavelengths in the visible region were studied to learn if 
they agreed or disagreed with the form of results expected from the 
proposed procedure. It was concluded that the method could be applied 
to cloud droplets using infrared light. Precautions were listed. 
8-17 Durbin, E. J., Optical Methods Involving Light Scattering for Measuring 
Size and Concentration of Condensation Particles in Supercooled Hyper­
sonic Flow. National Advisory Committee for Aeronautics, Technical Note 
2441, 280. Aug., 1951. 
The problem of condensation of the components of air in hypersonic 
flow was encountered in connection with work in the Langley 11-inch 
hypersonic tunnel. The light scattering theory employed was derived 
for a single particle. For the results to be applicable to fog parti­
cles, the light must be scattered only once in going from the incident 
beam to the observer. This type of scattering can be assumed to occur 
when the particles are separated by a distance of 100 times the particle 
radius. For verification of these methods, radii of ammonium-chloride 
particles were determined; and a comparison of these results with other 
measurements gave good agreement. Two methods based on scattered-light 
measurements were given which can be used for obtaining quantitative 
measurements provided (l) that steady-state conditions can be achieved 
during the time required for the measurement of light intensity, (2) 
that condensation particles are approximately spherical in shape and 
essentially uniform in size, and (3) that the index of refraction of 
the condensation particles is known approximately. 
8-18 Keily, D. P., Measurement of Drop-Size Distribution and Liquid Water 
Content in Natural Clouds. Mass. Institute of Technology, Quarterly 
Progress Report 8, Contract No. AF 19(122)-245, March 1 to May 31, 1952. 
This quarterly report contains a summary of progress in computing 
absorptions and transmissions to be expected at various cloud drop sizes 
from the best known values of the pertinent physical constants. Results 
of a trial run of the infrared spectrograph using the trial computations 
are shown. (Author's Ab.) 
8-19 Johnson, J. C, Analysis of Size Distribution of Sulphur Hydrosols by 
Optical Transmission Methods. Mass. Institute of Technology, Scientific 
Report 1, Contract No. AF 19(l22)-245, June 1, 1952. 
Data on variable frequency light transmission through hydrosols 
are studied with respect to relations between optical density, wave­
length, drop size distribution and concentration. It is shown that 
densities closely approaching observed values can be computed from 
successive assumptions of drop size distributions in. small class inter- . 
vals. Particle and mass concentrations are also uniquely determined. 
The method is described in detail, with examples. Application of the 
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method to determination of size distribution of unknown hydrosols and 
aerosols, including natural clouds, is discussed. (Author's Ab.) 
8-20 Eldridge, R. G., Some Cloud Observations with the Infrared Spectrograph. 
Mass. Institute of Technology, Scientific Report 3, Contract No. AF19(122)-
245, Dec. 1, 1952. 
Measurements of drop-size distributions were presented for sprays 
from commercial fog nozzles and for mountain fog, as observed by the 
infrared cloud spectrograph. When applied to a limited number (four) 
of observations, the spectrograph gave results which were physically 
possible and which were not in disagreement, within comparable ranges, 
with those obtained by other methods of more limited power. An impor­
tant advantage of the cloud spectrograph was that it could detect 
droplets in the size range below four microns. 
8-21 Baxter, D. C, A Review of Radiation Scattering Methods for Measuring 
Cloud Droplet Size. Canada National Research Laboratories, Report MD-40, 
April, 1954. 
The fundamental aspects of radiation scattering from spherical 
particles are reviewed and used as a background for the study of various 
systems for the measurement of particle size in natural clouds, a para­
meter of interest in cloud physics and aircraft icing work. Corona, 
rainbow and polarization methods are discussed but are considered hardly 
suitable. Radar scattering methods have certain advantages and are 
undergoing extensive development elsewhere, but the equipment is costly 
and analysis complex, A light transmission method can be used to give 
median volume size if combined with a liquid water-content meter and if 
allowance is made for size spectrum. The photographing droplets in situ 
yields mean size and spectrum and could be further pursued, but recog­
nition is needed of the basic problems to be overcome. (Author's Ab.) 
8-22 Johnson, J. C, R. C. Eldridge, and J. R. Terrell, An Improved Infrared 
Transmissometer for Cloud Drop Sizing. Mass. Institute of Technology, 
Scientific Report 4, Contract No. AF 19(l22)-254, July 1, 1954. 
An optical instrument is described which measures absolute drops 
size distribution (in the diameter range 2 to 30 microns) and liquid 
water content in natural clouds. The characteristics of the cloud are 
not significantly altered by the process of measurement. 
In a series of mountain top observations, the majority of cloud 
droplets were found to be of two microns diameter or less. (Author's Ab.) 
Corona Rings 
(see also 1-20, 1-21, 7-4) 
8-23 Malkus, W. V. R., R. H. Bishop, and R. 0. Briggs, Analysis and Pre­
liminary Design of an Optical Instrument for the Measurement of Drop 
Size and Free-Water Content of Clouds. National Advisory Committee 
for Aeronautics, Technical Note 1622, June, 1948. 
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This paper describes a method for the determination of drop size 
and free water in clouds, based on the interpretation of an artificially-
created rainbow. Details of the design and operation of an optical 
instrument employing this method are presented. This instrument is a 
preliminary design in that the water content and drop size must be kept 
constant during the interval of the measurement. In designing the 
instrument, an amplifier which eliminates interference due to shot 
effect was developed. A mathematical analysis of the rainbow theory 
is presented in the appendix. (Author's Ab.) 
8-24    Naik, Y. G., "Correlation Between Optical and Dynamic Methods of 
Measuring Size of Water Drops in a Cloud." Journal of Colloid Science. 
(N. Y.), 9 (5):393-399, Oct., 1954. 
A comparison of the theory of the diffraction rings observed in a 
cloud by transmitted light is made with the Mie Theory. The values of 
the radii determined experimentally on the bases of the two theories 
are compared with those obtained from dynamic methods of using Stokes' 
and Cunningham's equations. It was found that the diffraction theory 
gives larger values of the radii for drops below three microns, where­
as the Mie Theory gives values of radii which agree with those obtained 
from Cunningham's equation for drops of radii varying from one to five 
microns. (Author's Ab.) 
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Section 9 MICROWAVE SCATTERING METHOD OF SORTING 
(The following original paper was prepared by 
E. A. Mueller, (9-2) specially for inclusion in this report.) 
The proposal for determining the drop-size distribution from microwave 
measurements was made in 1950 by Bartnoff and Atlas (9-1). Their procedure 
consisted in measuring the reflectivity factor or the "back-scattering cross-
section, the audio-frequency spectrum and one other variable, probably the 
one-way microwave signal attenuation. Measurement of the reflectivity 
factor can be made by standard techniques for measuring the transmitter, 
power, the receiver power, and calculating the required radar back-scattering 
cross-section. The audio-frequency spectrum requires more careful measuring 
techniques. The most practical technique is to determine the spectrum 
directly by use of a coherent radar. The audio-frequency spectrum is due 
to the varying interference patterns set up by the motion of the particles 
relative to each other; the broader the drop-size distribution, the greater 
the range of relative fall velocities, and the broader the audio-frequency 
spectrum. 
These two measurements can be taken from a single point in space. 
Bartnoff and Atlas (9-l) show that these two measurements do not yield a 
unique drop-size distribution. Another independent measurement must be 
made. At the time that this article was written, the authors suggested 
the possibility of measuring the microwave signal attenuation. This 
measurement allows a drop-size distribution to be determined subject to a 
general equation describing the distribution. In general, the authors 
found that cloud-size distribution can be represented by a general expression. 
Individual cloud-size distributions require different values of the constants 
in the general expression. If rain size distributions can be expressed in 
the same general equation, the method suggested by the authors could be 
used to determine the constants in the general expression for a particular 
rain size distribution. 
Considering the difficulties required to determine the microwave signal 
attenuation, the authors suggest the determinations of empirical relation­
ships between liquid water content and either the median drop diameter or 
the form factor of the distribution. Unfortunately, sufficient data have 
not been obtained to enable finding or confirming these empirical relation­
ships . 
The difficulties in measuring the microwave signal attenuations are: 
the attenuation being small, a long path distance must be chosen to give an 
accurate measurement, and size distribution must be homogeneous. The long 
path required to give a correct measurement makes the assumption of homo­
geneity of the rain somewhat doubtful. Of course, homogeneity of the rain 
would be necessary in determining a meaningful and unique drop size distri­
bution . 
Other assumptions required in this method are that Stokes' Settling 
Law must be fulfilled within the sampling volume. The drop size distri­
bution must be of the general form specified by the authors, and all of 
the assumptions necessary in the radar meteorology field to determine the 
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back -scattering cross-section must be fulfilled. With regard to the as­
sumption of Stokes' Settling Lav, an author's footnote reads as follows: 
"Preliminary experimental results indicate that this assumption may not 
"be valid." If the assumption of Stokes' Settling Law is not maintained, 
the results will be meaningless. Any turbulence which occurs in the drop 
volume will destroy the assumption of Stokes' Settling Law. 
BIBLIOGRAPHY - MICROWAVE SCATTERING METHOD OF SORTING 
9-1 Bartnoff, S., and D. Atlas, "Microwave Determination of Particle-
Size Distribution." Journal of Meteorology (Boston), 8:130-131, 1951. 
This is a preliminary note on the theoretical aspects of research 
being conducted to determine the nature of clouds from the reflection 
and transmission characteristics of microwaves. The two reflection 
characteristics which have been investigated thus far are the re­
flectivity factor and the audio-frequency spectrum of pulse-to-pulse 
fluctuations. 
The reflectivity factor is the function of the three parameters 
of the drop size distribution: the median volume diameter, the form 
factor, and the total liquid water content. The audio-frequency 
spectrum is dependent only upon these: the median volume diameter 
and the form factor. 
Another independent equation or measurement is needed before the 
parameters of the distribution may be determined uniquely. Provided 
a treatment of the third parameter is successful, the cloud drop-size 
distribution, having the general form suggested, may be described from 
its microwave reflection and transmission properties in a manner 
similar to that determined by the rotating multicylinder. The micro­
wave characteristics of a drop size distribution outside the general 
family of curves, will be mistaken to be those of the one in the 
family which most nearly approximates the actual distribution. 
9-2 Mueller, E. A., Illinois State Water-Survey, Urbana, Ill. (Paper 
on microwave scattering method originally written for this report.) 
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Sectlon 10 SIZING BY PHOTOGRAPHIC RECORDING 
Image Photography 
Water drops and cloud particles have been photographed successfully 
for many years. Droplets so small they cannot be resolved have been photo­
graphed by means of sonic agitation (10-5, 8-1, 10-9) or in a cloud chamber 
(10-7) to enlarge the nuclei. However, the latter method does not seem 
adaptable to sizing. 
Photographing artificial drops was reported by several investigators 
(10-1, 10-2, 10-3). Elliott (10-4) and McCullough and Perkins (10-6) 
reported development of a camera for use in aircraft to photograph un­
disturbed cloud droplets. A rotating prism, adjusted to air speed, was used 
to stop the image motion at the film. 
Jones and Dean (10-8) reported a camera using short period (10 micro­
second) flash to photograph natural raindrops as they fell near the ground. 
It has been in use since 1952 and has been employed to determine the size 
and shape of over a half-million drops. Sizing by enlarging and scaling 
the images has been tedious. 
The lower limit of resolution, 0.5 mm diameter drops, would not satisfy 
some investigators. However, finer resolution could be obtained by re­
finement in the specifications of the equipment used and reduction of 
sample size. The Illinois State Water Survey is in the process of con­
structing two cameras, of the same type, employing 70 mm film for recording. 
The new cameras will use 30-inch diameter mirrors for a sample volume of 
almost one cubic yard and are expected to resolve drops down to 0.5 mm 
diameter. 
The back lighting to be used will give a dark image with a bright 
spot at the center (or reverse in the negative). Therefore, film from this 
type of camera would not be suitable for automatic scanning. Experiments 
indicate that this objection may be corrected. A change to front lighting, 
(see Drop Illumination, Section 14) designed to give uniform illumination 
over the entire front surface of the drop, is required. 
Streak Photography 
The terms "streak photography" and "streaks" are used to indicate the 
Images of falling drops. They may occur on a film exposed for a short 
period of time or on a Vidicon tube (page -73). Both Mache (10-10) and 
Laws (10-11) used streak photographs to obtain fall velocities of drops. 
However, neither utilized the width of the streak to determine drop size. 
Practical difficulties involving the film, halation, and illumination were 
reported. 
A camera that will photograph streaks has been proposed by Mueller and 
the authors. It is believed that the problems of earlier investigators can 
be overcome and that streak photography may be developed into an efficient 
method of recording raindrop sizes which would be subject to automatic 
sorting and counting with equipment already developed and proven (see 
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discussion of the scanning device developed at the University of Wisconsin 
(17-2). 
The proposed camera (See Figure 10.l) would accomplish exposure 
through a narrow slit perpendicular to the sides of a long film strip. 
Exposure of the film may be either intermittent or continuous with constant-
speed motion of the film. 
A lens with a focal length between 2 and 10 inches will limit to an 
acceptably small value the variation in size due to position in the field. 
This type of distortion in size may be reduced also by use of a collimating 
lens as reported by Laws (lO-ll) or a telecentric lens system as used by 
Jones and Dean (10-8). 
Drops would be photographed as they pass through a wafer-shaped volume 
(smallest dimension vertically). The vertical dimension of the wafer-may be 
limited by the width of the slit in the camera. The depth dimension of the 
wafer would be limited by the size of an opening, marked approximately 1 l/2 
inches on the figure, for the admission of the raindrops. The width of the 
volume would be limited by the length of the slit in the camera. The length 
of the opening for the admission of rain should be somewhat longer than the 
volume observed by the camera to admit angling rain. 
The raindrops are to be illuminated from the front and sides and to be 
in front of a dark background. The drops may be lighted uniformly all over, 
or they might preferably be lighted more intensely around the edges for a 
halo effect, see Figures l4.lb, l4.lc, and 14.2c. 
It is expected that a number of drops will fall through the sensing 
volume while the film is exposed, leaving streaks on the film. The width 
of the streaks should be related to the drop sizes. The exposure time will 
need careful selection not only to prevent the film from being consumed too 
rapidly but also to avoid coincidence of drop images. 
With a 10 to 1 reduction in the lens, a 0.1 mm drop should produce an 
image streak on the film of 0.01 mm wide. Such resolution is within the 
realm of possibility. 
This method records rain that falls on a horizontal surface of the size 
of the top of the wafer of sensing volume. This method would not achieve 
volume sampling, as set forth in the specifications in the introduction. 
However, the data collected can be assigned a volume from the known terminal 
velocities of the various size classes. 
Apparent advantages of this untried device include ease of scanning, 
large sampling volumes, simple operation, the possibility of using multiple 
sensing devices (cameras) with one sorter-counter, and a permanent record 
of the data. Also, this method of sizing depends upon time to measure the 
width of a streak rather than upon intensity of some quantity as a measure­
ment related to drop size. Maintaining calibration of an instrument operating 
on the former method usually is less difficult. Successful operation of 
such a device in high winds and angling rain will probably require solution 
to some difficult design problems. 
Fig. 10.1 Sketch of a proposed method for photographing raindrops with the images appear­
ing as streaks. 
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BXBLIOGRAPHY - SIZING BY PHOTOGRAPHIC RECORDING 
Image Photography 
(see also 1-26, 8-1, 11-2, 15-25) 
10-1 Worthington, A. M., A Study of Splashes. Longmans, Green, 1908. 
The author took pictures of falling water drops as early as 1894. 
He used an ingenious method to time the occurrence of an illuminating 
spark within about 0.0005 of a second. A spark of a duration of less 
than three-millionths of a second was used. The oscillation of drops 
was observed. About 500 pictures of both liquid drops and solid 
spheres falling into liquids are shown from both above and below the 
surface. Sequence studies were obtained by photographing successively 
later pictures of consecutive drops falling under identical conditions. 
10-2 Edgerton, H. E., and J. R. Killian, Jr., Flash! 
Seeing the Unseen by Ultra High-Speed Photography. Hale, Cushman, 
and Flint, Boston, October, 1939. 
Photographs of falling drops and splashes were taken by flash 
illumination with times as short as one-millionth of a second. Milk 
was used rather than water because it is shown more clearly by photo­
graphic emulsion. 
Formation of drops at the bottom end of a glass tube was shown. 
The way a small drop forms and follows a large one is illustrated. 
Peculiarly shaped drops, pulsating as they fell three stories, were 
shown, as well as one that had dropped eight stories in an elevator 
shaft. 
10-3 Best, A. Co, The Shape of Raindrops and Mode of Disintegration of 
Large Drops. Great Britain. Meteorological Research Committee, M.R.P. 
330, Feb. 21, 1947. Unpublished. 
A study was made of photographs of the shape of falling raindrops 
produced at the request of the author at the Physics Section of the 
Chemical Defense Experimental Station, Porton. Water drops were made 
artificially from tips and dropped 35 feet before being photographed 
from the side. Bottom flattening was observed and the opinion was ex­
pressed that the drops became vortex rings before disintegration. 
10-4 Elliott, H. W., Cloud Droplet Camera. Canada. National Research 
Council, Report, Ml-701, December, 1947. 
A camera was developed for use on an aircraft in flight to photo­
graph droplets in a cloud. Images obtained were shadowgraphs and 
were six times their natural size. The portion of the cloud strata 
photographed was only about 0.5 inch in diameter with a depth of focus 
of near 0.029 inches. Single or successive photographs a few seconds 
apart may be taken. Compensation for movement of the aircraft relative 
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to the droplets during exposure was effected by a rotating prism in 
the optical system. Standard 5-inch Aero Super XX film was used. A 
58-foot roll accommodated 125 exposures. No data or sample photographs 
were included in the report. 
10-5 Keily, D. P., Measurement of Drop Size Distribution and Liquid Water 
Content of Natural Clouds. Mass. Institute of Technology, Quarterly 
Progress Report 5, Contract No. AF19(l22)-245, June 1 to August 31, 
1951. 
When particles had a diameter of several microns, they could be 
resolved by the photographic process. For very small particles, how­
ever, visibility was obtained only when a displacement of several 
times the drop diameter was obtained, as by sonic excitation. The 
amplitude of oscillation was a function of several quantities in­
cluding particle size. Small particles tend to follow the motion of 
the air molecules while the larger particles tend to lag both with 
respect to amplitude and phase. The sonic means is limited to cases 
where the velocity of the air stream containing the particles is small 
compared to the transverse particle velocity. Therefore, the method 
was considered not practical in air streams moving at aircraft speeds. 
10-6 McCullough, S. and P. J. Perkins, Flight Camera for Photographing 
Cloud Droplets in Natural Suspension in the Atmosphere. National 
Advisory Committee for Aeronautics, Research Memorandum E50K01a, 
June 29, 1951. 
A camera designed for use in flight has been developed by the 
NACA Lewis Laboratory to photograph cloud droplets in natural 
suspension in the atmosphere. A magnification of 32 times was 
employed in measuring all sizes of droplets greater than five microns 
in diameter. Photographs vere taken at flight speeds up to 150 miles 
per hour at 5-second intervals. This was accomplished by using a 
rotating triangular prism in the optical system which had a speed 
related to air speed, enabling it to stop the droplet images on the 
film. A field area of 0.025 square inch was photographed on a 40 
exposure roll. Flight tests in cumulus clouds have shown that 
approximate droplet-size distribution studies were obtainable and that 
studies of the microstructure and physics of clouds can be made with 
the camera. 
10-7 Saunders, B. G., Cloud Chamber for Measuring the Particle Density of 
an Aerosol. Oak Ridge Laboratory, ORNL 1655, Feb. 19, 1954. 
The continuous-action Green cloud chamber was found to be an 
accurate and useful apparatus for measuring the number of particles 
per unit volume of aerosol. Every particle the order of 10-3 micron 
radius or larger served as the nucleus of a water droplet which could 
be photographed and counted. 
10-8 Jones, D. M. A., and L. A. Dean, A Raindrop Camera. Illinois State 
Water Survey, Research Report No. 31, Contract DA-36-039 5C-64 
723, Dec, 1953. 
Fig. 10-8.1 Raindrop camera optical system (Not to scale) 
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Fig. 10-8.2 The raindrop camera showing from left to 
right: flash housing, sampling volume and camera and 
optics housing. 
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Fig. 10-8.3 Enlargements of negatives taken 
with the raindrop camera. 
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A camera to photograph raindrops (See Figs. 10-8.1 and 10-8.2) 
incorporating simple optical devices and electronic flash equipment is 
described. The telecentric optical system used consisted of a 
Newtonian-mounted astronomical telescope with the objective lens of 
the recording camera placed exactly at the principal focus of a first-
surface paraboloidal mirror. The purpose of the telecentric optical 
system was to normalize all particles to an equal distance from the 
camera lens so that direct comparisons could he made. The para-
boloidal mirror used in the final instrument had a diameter of 324 
mm. The volume photographed was 324 mm diameter and 406 mm long or 
deep. The image on the film was reduced to approximately one-
twentieth of normal size. 
The electronic flash unit had a cycling time of one-third 
-second. A series of 36 pictures was taken in the first 12 seconds 
of each minute to gather a large amount of data throughout a storm. 
The camera employed the shadowgraph principle, that, is, the 
drops were located between the light source and the camera, casting 
shadows on the film (see Fig. 10-8.3)- As a result of this arrange­
ment, the center of the drops acted as small lenses and gave dark 
spots on the light images on the film (negative film). Such spots 
were observed only on images of large drops. 
Tests with a lens aperture of f/l8.0 have shown that drops 0.5 
mm diameter and larger were observed and a resolution of 0.3 mm was 
obtained through the 406 mm depth of field. 
The. camera was inspected and reported by Johnson (11-2). 
10-9 Gucker, F. T. and G. J. Doyle, "The Amplitude of Vibration of Aerosol 
Droplets in a Sonic Field." Journal of Physical Chemistry, 60: 989-
996, July, 1956. 
We have determined the amplitudes of droplets of the non-volatile 
plasticizers, Flexol DOP (bis-2-ethylehexyl phthalate) and Flexol 
3GH(di-2-ethylbutyrate triethylene glycol), at the displacement 
antinode of a standing sonic field. The sonic generator was of the 
type developed by H. W. St. Clair, employing an electromagnetically 
driven bar. The measurements were made photomicrographically, 
covering a range of droplet radii between 0.8 and 3.9 microns at a 
sound frequency of 4.85 kc./sec. The size of the particles was 
determined by applying the Stokes-Cunningham law to rate-of-fall 
measurements, also determined photomicrographically. The dependence 
of vibration amplitude on particle radius is given within the accuracy 
of our experiments by the theoretical equation of Sewell, based on an 
approximate hydrodynamic treatment. In the range of our work this 
equation is nearly the same as that derived by Brandt, Freund and 
, Hiedemann, on the basis of a simple interaction between sound field 
and particle derived from Stoke's "law. These results may prove 
useful to those wishing to apply sonic fields in the study of 
aerosols, since they show that measurements of particle amplitude 
may be used to determine particle size. (Author's Ab.) 
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Streak Photography 
10-10 Mache, H., "Uber die Geschwindigkeit und Grosse der Regentropfen." 
(About the velocity and size of raindrops) Meteoroligische 
Zeitschrift, (Brunswick), 21: 378-380, 1904. 
Drops, both artificial and natural, were photographed in 
bright light against a black cloth background. Each falling drop 
in the plane of focus was shown as a streak on the film. By measuring 
the length of the streaks, with the focal distance of the lens and 
the known speed of the shutter, the fall velocity could be determined. 
Drop sizes were determined by the use of filter paper. The last 
half of the paper was devoted to an explanation of why few or no 
drops were observed in some of the size classes. 
10-11 Laws, J. O., "Measurements of the Fall Velocity of Water-Drops and 
Raindrops." American Geophysical Union, Transactions, 22(3): 709-
721, 1941. 
Measurements of the velocities of water-drops of sizes ranging 
from one to six mm in diameter, falling in still air from heights of 
0.5 meters to 20 meters were presented. Distances of fall required 
to attain terminal velocity were determined. A few measurements of 
raindrop velocities were also reported. 
Side lighted drops in front of a black background were photo-
graphed through a "chopper" disk which gave 480 exposures per second. 
The film was exposed for approximately two seconds at a time. A 
colli mating lens mounted at a distance equal to its focal length 
from the center of the lens of the camera had the effect of causing 
the drops on the other side of the collimating lens to appear the 
same size regardless of their distance from the camera. 
The result of the side lighting and chopped exposure was that 
each drop made intermittent double line streaks on the film. Counting 
the number of streaks between two points on the film gave- a time of 
fall, and scaling the distance on the previously calibrated film 
gave the corresponding distance of fall. Velocity was determined by 
properly relating the two quantities. 
Using the negative for precise determination of the diameter 
of the drop proved impossible. The highlights on either side of 
the drop produced an halation on the film that varied with position 
in the field, velocity, and possibly with exposure, development, etc. 
Drops were produced with drawn glass tubes and measured by 
catching a counted number in a bottle and weighing. Sprays of drops 
less than one mm in diameter were produced but no precise data on 
their size were obtainable. 
A calibration curve for Gold Medal flour was included for air-
dried pellets desiccated for 60 minutes at 110 C. The relationship 
of mass of drop to mass of pellet was reported to vary slightly from 
one sack of flour to the next of the same brand. 
The fact that drops over 5 mm in diameter accelerate to more 
than their terminal velocities and then slow down was speculated upon. 
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TELEVISION SCANNING METHOD OF SORTING 
Images 
Television scanning of raindrop images is reported as unsatisfactory 
by Johnson (ll-2) owing to the low resolution of the mosaic elements in 
tubes now available. With the lower limit of resolution for raindrops set 
at 0.5 mm diameter, the sample volume in 10 seconds is only one-tenth of a 
cubic meter. It would be undesirable to reduce this sample size to accomplish 
finer resolution. 
The authors requested from Flory of the RCA Laboratories information 
regarding developments in television tubes and scanning methods since 
Johnson's report (ll-2). No significant improvements that would aid in 
raindrop sizing have been noted. 
Inquiry was also made of Flory regarding the possibility of using a 
single-line television scanning tube as a gate to observe the passage of 
raindrops. It was believed that such a device would read chords of each 
drop that passed through the sensing area and might be set to transmit the 
maximum pulse length observed into a sorting and counting device. Flory 
replied that this idea has been proposed for problems involving inspection 
on a continuous basis but that he had no direct reference to actual work 
done on this method. Inquiries to others in the electronic industry have 
provided no further information on the possibility of this technique. Use 
of front lighting (Section 14) and a dark background with such a device 
would eliminate objections that were raised by Flory and reported by 
Johnson (ll-2). 
Also, Flory stated that he believes scanning techniques show promise 
in solving sorting and counting problems; but since some of this research 
is classified, information is disseminated slowly and progress has been 
delayed. 
Streaks 
Gerhardt (ll-3) has proposed using a Vidicon tube to sense the width 
of streams caused by falling, illuminated drops. The tube is focused upon 
a thin plane of light edgewise to the tube through which the drops are 
permitted to fall. Beyond the sensing volume is a dark background. 
In heavy rain it is anticipated that with an aperture of 3 by 12 inches, 
an average of 1500 drops,would be sized and counted every 10 seconds. It 
is expected that a Vidicon having a resolving power of 1200 lines (across 
its face) would be able to measure all drops 0.25 mm diameter and larger 
falling through the aperture. Better resolution might be accomplished by 
a compromise in the design involving acceptance of a smaller sample per 
unit of time. 
The essential difference between the television scanning process 
considered by Johnson (11-2) and that proposed by Gerhardt (ll-3) is that 
the former alternately scans a limited volume and then waits for the drops 
in the volume to fall, whereas the- latter scans a continuous fall through 
-74-
the aperture. As a result, the Gerhardt device should size a much larger 
volume or a much greater number of drops in ten seconds. 
If the Gerhardt device can be successfully developed as proposed, it 
promises the following advantages: (l) almost instantaneous presentation 
of data, and (2) a sample of excellent size in 10 seconds. Successful 
operation of the device in high winds and angling rain will require solving 
some difficult design problems. 
It is believed that the proposed device would operate more successfully 
by using a different method of illuminating the drops and by allowing the 
scanning "one-line" to drift slowly across the face of the tube (perpendicular 
to the motion of the flying spot) and return, rather than stay in one place. 
BIBLIOGRAPHY - TELEVISION SCANNING METHOD OF SORTING 
Images 
11-1 Flory, L. E. and W. S. Pike, "Particle Counting by Television 
Techniques." RCA Review, 14: 546-556 , 1953. 
Television scanning methods were applied to the problem of 
counting small particles which were in this case red blood cells. 
In the experimental unit, the average diameter of the cells was 
first obtained electronically, and this measurement was next used 
to determine the number of cells within the scanning field. The 
particles were fairly uniform in size (extreme ratios of two to one). 
Particles were not sized individually, and it appears that the device 
described is suitable for counting only. 
11-2 Johnson, J. C, An Analysis of Optical Raindrop Spectrometers. 
Tufts College Scientific Report 2, Contract No. AF 19 (604)-550, 
July 15, 1954. 
An analysis of drop imaging devices was made considering both 
industrial television tubes and photographic film as detectors. In 
either case flash illumination was used to arrest the drops while 
they were being scanned or photographed. 
Johnson advised against using a television camera tube as a 
detector of drop images owing to the amount of development work that 
probably would be required to improve the low resolution of present 
tubes. Resolution of the Vidicon is 350 lines (525 lines maximum) 
or 0.027 mm per line. European tubes claim better than twice the 
line resolution at a slower scan rate. 
The most serious problem to be overcome in using film to record 
drop images is to simplify reading the data from the film. 
Appendices contain a discussion of the raindrop spectrometer 
described by Mason and Ramanadham (8-7); proposed modifications of 
the Mason-Ramanadham raindrop spectrograph; an inspection report on 
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the Jones-Dean raindrop camera; and a discussion of television 
scanning with Flory of the RCA Laboratories. 
It was felt that the Mason-Ramanadham raindrop spectrometer 
was, in theory, a better approach to drop sizing and counting than 
either of the imaging devices discussed in the early part of the 
report. Suggestions for improving the spectrograph included light 
traps to reduce the problem of background noise when the instrument 
was operated in daylight. 
The Jones-Dean camera was observed to perform as claimed (10-8), 
It was Johnson's opinion that substituting a television tube detector 
for the camera in this device would lead only to poorer resolution. 
Johnson's visit with Flory confirmed opinions expressed in the 
first part of the report regarding use of a television tube for image 
scanning. Industrial television tubes manufactured by RCA have a 
useful photosensitive surface of 12 mm x 16 mm with 300 x 400 lines. 
With regard to substituting a television tube in the Jones-
Dean raindrop-camera setup, Flory also foresaw problems of scanning 
a dark image against a bright surface and the problem of the bright 
spots in the centers of the dark drop images. 
Streaks 
11-3 Gerhardt, J. R., Precipitation Particle Size and Number Measuring 
Device, University of Texas Electrical Engineering Research Laboratory, 
April, 1957. Unpublished. 
Precipitation is permitted to fall through aperture "A" (see 
Figure H-3.1). In the sensing volume it is illuminated by a thin 
plane sheet of light from a columnar lens. Light from the falling 
drop is reflected from mirror "B" through an appropriate lens to a 
Vidicon tube which is set to scan one line only. Falling, illuminated 
drops should sweep streaks on the tube which are scanned (and cleared) 
every 0.1 second. In heavy rain it is anticipated that, with an 
aperture of 3 by 12 inches, an average of 15 particles will fall 
through the sensing volume every 0*1 second. This rate should not 
overload the sorting and counting circuits. It is expected that a 
Vidicon having a resolving power of 1200 lines (across its face) 
would measure a minimum drop size of 0.25 mm diameter. 
This proposed instrument was designed by Mr. Charles W. Tolbert, 
Electrical Engineering Research Laboratory, University of Texas. 
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SIDE AND PLAN VIEWS OF OPTICAL SENSING ELEMENT 
AND HOUSING FOR PRECIPITATION PART1CAL SIZE 
AND NUMBER MEASURING DEVICE 
Fig. 11-3.1 Diagram of a proposed device for sizing raindrops using 
a television tube to scan images which are streaks caused by falling 
illuminated raindrops. 
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RELATED TECHNIQUES AND DEVICES 
Sec t ion 12 BIBLIOGRAPHY - ARTIFICIAL DROP PRODUCTION 
(see a l s o 1-9, 2 - 5 , 5-9, 10-11) 
12-1 Lane, W. R., "A Microburette for Producing Small Liquid Drops of 
Known Size." Journal of Scientific Instruments, (London), 24 (4): 
98-101, April, 1947. 
An apparatus is described by means of which small individual 
drops of accurately known uniform size may be produced. The drops 
are formed at the tip of a hypodermic needle round which is flowing 
a concentric stream of air. By varying the speed of the air, the 
size of the drops delivered from the microburette can be varied over 
a wide range. (Author's Ab.) 
12-2 Dimmock, N. A., "Production of Uniform Droplets." Nature, (London), 
166(4225): 686-687, Oct. 21, 1950. 
An apparatus was developed which would generate lines or streams 
of droplets. All those in one stream were of the same size and 
followed the- same trajectory. Droplets with diameters ranging from 
10 to 300 microns were obtained. 
A vibrating glass tube was used in the production of the drops. 
Glass tubing was drawn to a fine capillary having about 0.025 inch 
outside diameter and up to 8 inches in length. To this was fastened 
a piece of 1 or 1.5 mm steel hypodermic tubing. A small electro­
magnet, energized by an alternating current, vibrated the assembly. 
12-3 Vonnegut, B. and R. L. Neubauer, "Production of Monodisperse Liquid 
Particles by Electrical Atomization." Journal of Colloid Science, 
(N.Y.), 7(6): 6l6-622, December, 1952. 
Streams of highly electrified, uniform droplets about 0.1 mm 
in diameter can be produced by applying potentials of 5-10 kv. a.c. 
or d.c. to liquids in small capillaries. Monodisperse aerosols 
having a particle radius of a micron or less can be formed if the 
capillary is positively charged and if liquids having low electrical 
conductivity are used. Aerosols formed in this way show the colors 
of higher-order Tyndall spectra. (Author's Ab.) 
12-4 Vonnegut, B. and R. L. Neubauer, Production of Monodisperse Liquid 
Particles by Electrical Atomization. General Electric Research 
Laboratory, Schenectady, N.Y., Occasional Report 36,Project Cirrus, 1952. 
Substantially the same material is covered in this article as 
in the article (12-3). 
12-5 Blanchard, D. C, "A Simple Method for the Production of Homogeneous 
Water Drops to One Micron Radius." Journal of Colloid Science, (N.Y.) 
9(9):' 321-328, August, 1954. 
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A simple method for the production of homogeneous water drops 
down to two microns diameter is described. When "bubbles of a given 
size burst at an air-water interface, the collapse of the "bubble 
cavity produces an upward moving jet which quickly disintegrates into 
several small drops. Each of these drops, not necessarily all the 
same size, rises to a height which is remarkably constant from one 
bubble to the next. The drop size at each of these heights was 
found to be equally constant. 
Photographs are shown of the drops produced and their remarkable 
uniformity in size. The size of the drops is a function of the bubble 
size. (Author's Ab.) 
12-6 Magarvey, R. H. and B. W. Taylor, "Apparatus for the Production of 
Large Water Drops." Review of Scientific Instruments, (N.Y.), 27(ll): 
944-947, November, 1956. 
Drop generators are described for the production of streams of 
drops the equivalent diameter of which are between 0.5 and 20 mm. 
These generators are based on the principle of the interrupted jet 
described by Lord Rayleigh. An assessment is made of the advantages 
and disadvantages of drop production based on this principle, and data 
are given showing a high degree of uniformity of drop size. Accurate 
size control and determination are discussed relative to the execution 
of experiments designed to measure the physical properties of drops 
during free fall. In order to study the instability and breakup of 
large drops, reasonably well-formed drops are produced with 
equivalent diameters that are extremely difficult to produce by any 
other method. The behavior of large drops during free fall is con­
cerned with theories of drop size distribution in natural rain. 
(Author's Ab.) 
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DETERMINATION OF DROP SIZES 
Section 13 FOR CALIBRATION PURPOSES 
Several satisfactory methods are available in determining drop size 
for the purpose of calibration. One source of error vhich must be 
minimized in calibration is evaporation. This loss is often large if there 
is any delay from the time of the drop impact until measurement is made 
(1-32). 
Where suitable equipment is available, the falling drops can be 
photographed (10-8). By photographing a known standard as well as the 
drops, the drop sizes can be precisely determined from the photographs. 
These measurements should be made using a projector and a ground glass 
screen to avoid errors in visual comparison. 
A single method of size determination for large drops is to catch 
them in a container which can be quickly sealed for-weighing. The drops 
must be weighed individually unless they can be shown to be of uniform size. 
An easy method for determining uniformity or non-uniformity of size is to 
use dyed filter paper. This filter paper will give a more accurate indi­
cation of uniformity of size than it will of absolute size since it is 
subject to variations in calibration due to humidity, thickness of paper, 
uniformity of paper, etc. 
Small drops can be allowed to fall onto a greased slide or into a 
cell containing a grease mexture (1-32). These drops must be quickly 
covered with another greased slide or with medicinal paraffin to avoid 
evaporation losses. The drops remain nearly spherical in the grease and 
can be measured under a microscope. The grease or oil "used must of course 
be immiscible withwater to avoid loss. 
In a somewhat similar method the drops can be allowed to fall into a 
lower density, non-viscous liquid with which they do not mix. If the 
bottom of the cell is coated with a water repellent film of silicone as in 
the "Drifilm" method (I-32), the drops remain almost spherical on the bottom 
of the container and can be measured under a microscope. 
An alternate method is to use two oils of suitable densities which are 
immiscible with each other and with water. The drops remain suspended at 
the interface and can also be measured under a microscope. 
BIBLIOGRAPHY - DETERMINATION OF 
DROP SIZES FOR CALIBRATION PURPOSES 
(see 1-7, 1-8, 1-9, 1-17, 1-18, 1-19, 1-28, 1-32, 1-33, 1-34, 1-35, 5-9, 
10-1, 10-8, 10-11, 15-26) 
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Section 14  DROP ILLUMINATION 
Experiments, as reported by Krump (l4-l), show that if images of drops 
on film are to "be sized by methods of spot scanning, the images should be 
of uniform density. Such photographs may be made if the drops are properly 
illuminated. Numerous experiments were performed to determine the best 
method of illumination. For convenience a glass bead was used, in place of 
water drops as the refractive indices for water and for glass are close 
enough to make little difference in the photographic process (Figs, l4.lb 
and l4.lc). Two of the most promising experiments made were as follows: 
Case I 
The apparatus for this case involved the use of a cone (Fig. l4.la), 
and illumination from four Number 2 photoflood lamps. A six-inch wide 
opaque washer was placed on the circumference of the large end of a 
truncated cone to prevent any direct light falling on the bead from the 
lamps. The cone was made of two thicknesses of "Copyrite," which is a 
frosted celluloid material, (available from N. Teitelbaum & Sons, 26l 
Grand Concourse, New York 5 1 , New York), spaced about one-inch apart. The 
results in this case show that the bead was well-enough lighted to give 
sufficient contrast and uniform illumination (Fig. l4.1b). The results of 
photographing a water drop with the Case I apparatus are shown in Fig. 
l4.lc. 
When using apparatus with the dimensions shown (Fig. 14.1a), it was 
observed that the bead would be properly lighted if placed within three 
inches of the axis of the cone and within about six inches from the plane 
of the open end of the cone. Larger scale equipment should result in a 
correspondingly larger volume that is properly illuminated. 
When a cone with an interior angle of only 35 degrees was used, results 
similar to those with the 125 degree cone were obtained, indicating, 
probably, that a cone with a vertex angle between 35 and 125 degrees would 
produce favorable results. 
Case II 
A screen, constructed of two sheets of tracing paper, that were 
spaced one inch apart on a frame, was used for diffusion of the light 
(Fig. l4.2a and l4.2b). Four 150 watt projector flood lamps were placed 
five-feet from the screen and directed to give uniform illumination over 
the surface of the screen. Surrounding the glass bead behind the screen 
was a cubical volume, 32 inches on each side, covered with black cloth to 
exclude unwanted light. The glass bead was photographed through a three 
inch opening in the center of the screen. The "halo" effect (Fig. l4.2c) 
is considered especially suited for certain applications. 
BIBLIOGRAPHY - DROP ILLUMINATION 
14-1 Krump, R. C, "Front Lighting Raindrops to Obtain Uniform 
Illumination." Illinois State Water Survey, 1957. Unpublished. 
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Fig. 14.la Apparatus for Case I 
Fig. l4.1b Bead photograph using 
the apparatus for Case I. Note 
the uniform tone. 
Fig. 14.1c Photograph of a water 
drop using the apparatus for Case 
I. Note the uniform tone. 
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Fig. 14.2a Side view of Case II apparatus 
Fig. l4.2b Front view of screen for Case II 
Fig. l4.2c Bead photograph using the apparatus 
for Case II. Note the "halo" effect. 
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Section 15 RAINDROP CHARACTERISTICS 
In the evaluation of devices for counting and sizing raindrops, use is 
made of certain raindrop characteristics. Some of these characteristics 
are raindrop size, shape, velocity, acceleration, interaction, oscillation, 
and break-up. A bibliography of available material concerning raindrop 
characteristics is included in this section. 
BIBLIOGRAPHY - RAINDROP 
CHARACTERISTICS. 
Drop Behavior 
(see also 1-13, 7-3, 10-3) 
15-1 Lenard, P., "Uber die schwingungen fallender Tropfen" (About the 
oscillation of falling drops) Annalen der Physik, (Leipzig), 30:209, 
1887. 
This study attempted to determine the surface tension of freely 
falling drops by means of their ellipsoidal oscillation. This type 
of oscillation was observed stroboscopically by Magnus and was 
calculated by Lord Rayleigh. 
15-2 Schmidt, W., "Die Gestalt fallender Regentropfen." (The shape 
of falling raindrops) Meteorologische Zeitschrift, (Brunswick), 
30:456-457, 1913. 
Observations were made of the reflection of sunlight on falling 
raindrops. On the basis of these observations it was deduced that 
the majority of the drops were not spherical and that the drops were 
not geometrically similar. These drops were assumed to vibrate with 
the spherical shape as the mean position. The extreme positions 
were assumed to be prolate and oblate spheroids, with the latter the 
preferred shape. Investigations by Lenard also indicated that the 
drops were usually flat. The following formula was given for the 
period of these "vibrations: where "T: is the duration 
of the vibration, "g" the acceleration of gravity, the 
capillarity constant of water against air, and "p" the weight of the 
drop. Observations made to check this equation indicated observed 
values exceeded computed values. 
15-3 Lizner, J., "Die Fallgeschwindigkeit der Regentropfen." (The falling 
velocity of raindrops) Meteorologische Zeitschrift, (Brunswick), 
31:339-347, 1914. 
Equations were derived for the falling velocity of raindrops. 
Curves were shown for comparison of the values obtained from these 
equations with the experimental values of Lenard (15-1) and Schmidt 
(15-2). 
-84-
15-4 Blanchard, D. C, "Observations on the Behavior of Water Drops at 
Terminal Velocity in Air." General Electric Research Laboratories, 
Schenectady, N.Y., Final Report, Project Cirrus, Report RL 140, 
pp. 100-110, Dec., 1948. 
A vertical wind tunnel was described. Over seventy stroboscopic 
photographs were taken of water drops of various sizes. Drops 
over 8.5 mm diameter in most cases would break up or would be 
accelerated out of the air stream in less than eight seconds. 
Smaller drops remained suspended 15 seconds or more. Water drops in 
an air stream of constant velocity were quite stable up to a 
diameter of 7-7 mm. At this point drops began to break up and 
continued to do so in increasing percentages until diameters of 
approximately 9.5 mm were reached. At this point, the drops were 
very unstable and could exist without breakup only for a few seconds. 
Drops up to 4.6 mm diameter were quite stable when subjected to a 
change in air velocity. A series of photographs using multiple 
exposure shows drop oscillation, deformation, and breakup. 
15-5 Spilhaus, A. F., "Raindrop Size, Shape, and Falling Speed." 
Journal of Meteorology, (Boston), 5:108-110, 1948. 
A simple relation between shape, size, and velocity of fall of 
water drops is derived utilizing well-known aerodynamic principles 
and constants. The aerodynamic deformation is combined with the 
surface-tension effect, considering the drop to be ellipsoid. 
15-6 Gunn, R., "Mechanical Resonance of Freely Falling Raindrops." 
Journal of Geophysical Research, (Wash., D.C.), 54(4):383-385, 
  Dec, 1949. 
Nonspinning water-droplets weighing notably more or less than 
one-half a milligram fell vertically. Droplets near this mass 
exhibited a transverse drift of sufficient magnitude to interfere 
with experiments. Freely falling water droplets possess a natural 
frequency of oscillation dependent on their size and surface tension. 
Curves are shown which indicate that this lateral drift is due to 
mechanical deformation and resonance in the freely falling droplets. 
15-7 Blanchard, D. C, "The Behavior of Water Drops at Terminal Velocity 
in Air." American Geophysical Union, Transactions, 31:836-842, 1950. 
Large' drops of water were studied when freely suspended in a 
vertical air stream. The wind tunnel used is described. 
Stroboscopic pictures taken of the drops show that extreme periodic 
deformations occur in drops of more than 5 mm diameter. Drops were 
observed before and after collision. Drops which come into a region 
within 6 cm above another drop usually begin to fall in an ever 
tightening spiral until collision takes place. The bombardment of 
large drops with a spray of small droplets showed that not all of 
the smaller droplets coalesced with the large drops. Some of the 
smaller droplets would roll across the under surface of the large 
drop exhibiting a "bounce-off" effect. A sudden upward acceleration 
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to the air easily breaks up large water drops, but a downward 
acceleration of the air does not produce a similar effect. Air 
was pumped into drops until the air bubble constituted as much as 
30 percent of the drop. Such air-bubble drops showed little or no 
deformation and remained intact even when subjected to extremely 
turbulent air. 
15-8 Blanchard, D. C, "Experiments with Water Drops and the Interaction 
Between Them at Terminal Velocity in Air." General Electric Research 
Laboratory, Schnectady, H. Y., Occasional Report Ho. 17, Final 
Report, Project Cirrus, Report RL-566, pp. 102-130, July, 1951. 
A vertical wind tunnel was described in which, large drops of 
water were suspended in an air stream. Experiments were conducted 
to study both the growth and the breakup of drops. Investigations 
were carried out with drops having different values of surface 
tension from 31.4 to 71 dynes/cm. Low surface tensions increase 
deformation and flattening of falling drops in air. Breakup occurs 
more readily in drops with low surface tension. Internal circulation 
was found to have little effect on drop breakup. Photographs and 
extensive material on drop behavior are included. 
15-9 Hitschfeld, W., "Free Fall of Drops Through Air." American Geo-
physical Union,Transactions,32;697-700, Oct., 1951. 
Terminal velocity data of water drops are used for the 
quantitative description of their accelerated motion when falling 
freely from rest. The method, based on the principle of aerodynamic 
"similarity, is valid for water drops of radius 1.6 mm or less. 
Using, as an example, the Schmidt relation for terminal 
velocity, general expressions are obtained for the time of fall and 
the distance fallen as functions of the velocity of fall attained. 
Numerical results calculated for drop radii of 0.625, 1.00, and 
1.5 mm agree well with the measurements of Laws.. (Author's Ab.) 
15-10 McDonald, J. E., "The Shape and Aerodynamics of Large Raindrops." 
Iowa State College, Department of Physics, Final Report, Theoretical 
Cloud Physics Studies, Project NR 082 093, Office of Naval Research, 
pp. 71-105., Jan., 1953. 
The physical factors which might be expected to control the 
shape of large raindrops are surface tension, hydrostatic pressure, 
external aerodynamic pressure, electrostatic charge, and internal 
circulation. Each of these is examined quantitatively and the con-
clusion reached that only the first three play important roles in 
producing the deformation characteristic of large raindrops. By 
analyzing an actual drop photograph, the distribution of aerodynamic 
pressures is deduced and is "shown to imply that separation in the 
airflow about a raindrop has significant effects on drop shape and 
on a number of physical processes occurring at the surfaces of 
falling raindrops. (Author's Ab.) 
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15-11 Schaefer, V. J., "Studies of the Physical Properties of Water Drops." 
General Electric Research Laboratory, Schnectady, N.Y., Final Report, 
Project Cirrus, Report RL-785, pp. 35-40, March, 1953. 
Water droplets do not necessarily merge upon contact. When 
an air film thicker than about 500 A separated the drops from each 
other, they failed to merge. Some droplets were bounced from each 
other four or five times before they merged. Where "bounce-off" 
was observed, the droplets were at least 1 mm in diameter. Methods 
are discussed for preparing water drops of uniform size. 
15-12 McDonald, J. E., "The Shape and Aerodynamics of Large Raindrops." 
Journal of Meteorology, (Boston), 11:478-494, Dec, 1954. 
The physical factors which might be expected to control the 
shape of large raindrops are surface tension, hydrostatic pressures, 
external aerodynamic pressure, electrostatic charge, and internal 
circulation. Each of these is examined quantitatively, and it is 
concluded that under most conditions only the first three play 
important roles in producing the deformation characteristic of large 
raindrops. By analysis of high-speed photographs of water drops 
falling at terminal velocity, the distribution of aerodynamic 
pressures is deduced and is shown to imply that separation in the 
air flow about a raindrop has very significant effects on drop 
shape. The surface integral of the vertical components of the 
deduced aerodynamic pressures is found to be in reasonable agreement 
with the drop weight. The effect of boundary-layer separation on a 
number of physical processes occurring at the surface of falling 
drops is noted briefly. (Author's Ab.) 
15-13 Fournier d'Albe, E. M. and M. S. Hidayetulla, "The Break-up of 
Large Water Drops Falling at Terminal Velocity in Free Air." 
Royal Meteorological Society, Quarterly Journal, 8l:6l0-6l3, 1955-
Large drops of distilled water were allowed to fall from various 
heights up to 20 m from the tower of the Command and Staff College, 
Quetta. The fragments of those which broke up were caught on 
sheets of filter paper. Dyed filter paper was not used, however, 
an observer marked the spots with a pencil for later evaluation. 
The diameter of the parent drops ranged from 8.5 to 12-5 mm, and 
the number of fragments produced by individual drops varied from 
3 to 97. Size-distribution curves of the fragments are shown. 
15-14 Pearcey, T., and G. W. Hill, "The Accelerated Motion of Droplets 
and Bubbles." Australian Journal of Physics, (Melbourne), 9(l): 
19-30, 1956. 
The drag force acting upon small particles such as droplets 
and bubbles, moving through a viscous medium, depends upon the rate 
of change of the state of motion of the medium and upon the 
diffusion of vorticity from the surface of the particle. For 
accelerated particles the drag force changes with time and depends 
upon all previous accelerations. The equation of motion of a 
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particle takes the form of an integro-differential equation, which 
has been solved numerically in the case of deceleration to rest 
from uniform motion with no impressed body forces. In any experi­
ments designed according to the principles of dynamical similarity, 
the ratios of viscosities and densities of the medium and the particle 
must he maintained constant in the scale transformations involved. 
(Author's Ab.) 
Temperature, Evaporation, Coalescence, Turbulence, and Condensation 
15-15 Langmuir, I., "The Evaporation of Small Spheres." The Physical 
Review, (N.Y.), 12:368-370, 1918. 
A theoretical expression for the evaporation of small spheres 
in air was obtained which indicated the rate of evaporation is 
proportional to the radius of the sphere. 
15-16 Arendt, T., "Temperaturmessung des Regenwassers." (Temperature 
measurement of rainwater) Meteorologische Zeitschrift, (Brunswick), 
42:159-161, April, 1925. 
The author described an instrument built by him in 1893 for 
recording the temperature of rainwater. This instrument was used 
for several years in the Potsdam Observatory. A similar instrument, 
which was announced by the German patent office, was also discussed. 
15-17 Topley, V. and R. Whytlaw-Gray, "Experiments on the Rate of 
Evaporation of Small Spheres as a Method of Determining Diffusion 
Coefficients." Philosophical Magazine, (London), 4:873-888, Nov., 
1927. 
An experimental arrangement is described for measuring the rate 
of evaporation of freely suspended spheres of volatile material. 
The calculation of the diffusion coefficient of the vapor and the 
correction for the self-cooling of the sphere, are discussed. 
Experiments were conducted with iodine in air. 
15-18 Houghton, H. G., "A Study of the Evaporation of Small Water Drops." 
Physics, 4:419-424, Dec, 1933. 
A theoretical expression for the evaporation of small spherical 
water drops in still air is developed from the general evaporation 
equation of Jeffreys. Experimental data for the evaporation of 
drops ranging from 25 to 2600 microns in diameter are obtained at 
several temperatures and relative humidities. After making 
approximate corrections for the cooling of the drops, it is found 
that the results are in general agreement with the theoretical 
evaporation equation. Residual variations which are functions of 
the drop size and the difference between the water vapor density 
at the surface of the drop and at a distance from the drop are 
probably due to inaccuracies in the method used for computing the 
drop temperatures. The results of the paper furnish a means for 
computing the total time required for the complete evaporation of 
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a drop of liquid water into a still atmosphere at any given 
temperature and relative humidity. (Author' s Ab.) 
15-19 Fuchs, N., "Uber die Verdampfungsgeschwindigkeit kleiner 
Tropfchen in einer Gasatmosphare." (About the rate of evaporation 
of small drops in a gas atmosphere) Physikalische Zeitschrift der 
Sowjetunion, 6:224-243, 1934. 
The rate of evaporation of liquid drops under different 
conditions is calculated theoretically. A number of factors are 
considered which are neglected by Maxwell's basic equation. The 
effect of these factors is shown for small drop sizes. 
15-20 Takahasi, Y., "Experiments on the Evaporation of Waterdrops and 
Some Applications of Their Results to the Investigations on 
Raindrops." Geophysical Magazine, (Tokyo), 10:321-330, 1936. 
Experimental results are given which are applicable to rain­
drops on the ground. An equation is given which relates air 
temperature, humidity, and evaporation. 
15-21 Findeisen, W., "Bemerkungen zu der Arbeit von E. Marki: Ursache 
der Gesetzmassigkeiten in der Verteilung der verschiedenen 
Tropfengrossen bei Regen und in den Wolken!" (Remarks about the 
Work by E. Marki: "Cause of the Regularities in the Distribution 
of Different Drop Sizes in Rain and in Clouds") Meteorologische 
Zeitschrift, (Brunswick), 54:299-300, 1937. 
The idea that small droplets grow at the expense of larger 
droplets through evaporation and condensation to produce clouds 
of uniform droplets was contradicted. Since the vapor pressure is 
greater over smaller drops than over larger drops, the larger drops 
grow at the expense of the smaller drops. Conditions necessary 
for coalescence are more favorable with drops of different sizes 
than with drops of a uniform size because of the difference in 
velocity of fall. In most cases, the ice phase plays the decisive 
role in the formation of rain, not the coalescence of drops. 
15-22 Bradley, R. S., M. G. Evans, and R. W. Whytlaw-Gray, "Rate of 
Evaporation of Droplets." Royal Society of London, Proceedings, 
186:386, 1946. 
The rate of evaporation of drops of dibutyl phthalate and 
butyl stearate of approximately 1.0 mm diameter was studied by 
means of a microbalance. These studies were made over a range of 
atmospheric pressures down to approximately 0.1 mm of mercury. 
The values obtained did not agree with Langmuir's evaporation 
formula at low pressures. The results were in good agreement with 
the theory of droplet evaporation advanced by Fuchs. This ex­
perimental verification of Fuchs' theory for droplets of medium size 
evaporating at low pressures shows that the theory can be applied 
to the evaporation of very small drops at atmospheric pressure. 
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15-23 Byers, H. R., H. Moses, and P. J. Harney, "Measurement of Rain 
Temperature." Journal of Meteorology, (Boston), 6:51-55, Feb., 1949. 
A technique for measuring the temperature of rain at the ground 
and the methods for calibrating the equipment used for this purpose 
are described in this report. A preliminary analysis of the data 
indicates that significant differences between the rain and ambient 
air temperatures usually occur in the first portion of the thunder­
storm rain period and that the differences in temperature between 
the ambient air and the rain falling from the latter portion of the 
storm are small. (Author's Ab.) 
15-24- Maulard, J., "Mesure de la Temperature de la Pluie." (Measurement 
of the temperature of rain) Journal Scientifique de la Meteorologie, 
(Paris), 2:75-81, 1950. 
Detailed description of an arrangement for measuring the 
temperature of raindrops as they reach the ground, followed by an 
account of several experimental results obtained with this apparatus. 
(Author's Ab.) 
15-25 Johnson, J. E., "Measurement of the Surface Temperature of Evapo­
rating Waterdrops." Journal of Applied Physics, (Menasha, Wis.) 21: 
22, 1950. 
A method is described for the determination of drop temperature 
by suspending the drop on a thermocouple wire. The effect of the 
wire can be eliminated by the use of several wires of different 
conductivity and extrapolating to zero. 
15-26 Kinzer, G. D. and R. Gunn, "The Evaporation, Temperature and Thermal 
Relaxation Time of Freely Falling Waterdrops." Journal of 
Meteorology, (Boston), 8:71-83, April, 1951. 
A theoretical and experimental study of the physical behavior 
of freely falling waterdrops was carried out. The influence of 
ventilation and environment upon the evaporation and equilibrium 
temperature was formulated in quantitative terms. The basic 
psychrometric equation was derived for a freely falling spherical 
drop. Measurements of the evaporation, equilibrium temperature, and 
time to reach equilibrium were carried out for single drops and 
compared with theory. Evaporation data are presented for drops from 
the largest size down to those of cloud size. 
Several techniques were used in obtaining this data. Photo­
graphic measurements were made to determine the evaporation rate of 
drops of water falling in an enclosed shaft. High speed multiple 
flash lamps were used for dark field illumination. A second method -
was to place an induced charge on the drops before they fell through 
an enclosed shaft (15-6, 7-3). The resulting oscillograph record 
was used to obtain the velocity as a function of time and from it the 
mass and the evaporation rate were determined. Large waterdrops 
were also freely supported in a vertical stream of air within a 
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tapered cylindrical glass tube. If the air flow is maintained at a 
constant rate, the vertical position of the sphere varies with its 
size. The drops were captured in oil during calibration of the 
equipment. 
The temperature of falling waterdrops was determined by allow­
ing them to fall into a special cell containing water at a known, 
adjustable temperature. A standard Schlieren optical arrangement 
was used to observe the small variations in the index of refraction 
caused by the small differences in temperature between the adjacent 
areas of water. This temperature measuring cell was combined with 
a tapered-tube drop-supporting apparatus to determine the temperature 
relaxation-time of evaporating drops supported freely by the 
surrounding air. 
15-27 Best, A. C, "Effect of Turbulence and Condensation on Drop-Size 
Distribution in Cloud." Royal Meteorological Society, Quarterly 
Journal, 78:28-36, 1952. 
Equations developed to represent the rate of change of the 
number of drops of a given size in a cloud owing to condensation 
and to coalescence, respectively, Numerical computation from these 
equations shows that condensation has a much greater effect than 
coalescence on drop-size distribution in clouds with small average 
drop size, with small liquid-water content, or with a large degree 
of supersaturation. 
With the assumption that drop-size distribution in a cloud is 
governed by rate of condensation of the drops in the cloud and rate 
of turbulent diffusion of the drops out of the cloud, it is then 
shown that the fractional volume of water comprised by drops smaller 
than a specified size is expressible in terms of an incomplete 
Gamma function. In this incomplete Gamma function the argument is 
1.5 and the upper limit to the integral varies as the square of the 
drop size and is also proportional to a quantity which depends upon 
the degree of turbulence and upon parameters connected with the rate 
of condensation. It is shown that this theoretical formula approxi­
mates closely to a simpler formula already established empirically 
and that reasonable values for the coefficient of turbulence and the 
condensation parameters lead to a mean drop size which agrees closely 
with measured values. (Author's Ab.). 
15-28 Rigby, E. C, and J. S. Marshall, The Modification of Rain with 
Distance Fallen. McGill University, Montreal, Stormy Weather Research 
Group, Scientific Report MW-3, 52 pp., January, 1952. 
Changes in the drop-size distribution of rain and thus in the 
intensity of microwave scattering from the rain, which occur as a 
result of the distance of fall, are calculated and discussed. An 
initial exponential drop-size distribution is assumed, and the 
changes in the distribution and in the scattering intensity are 
considered under three headings: (a) accretion of cloud by the 
raindrops, (b) coalescence between raindrops, and (c) evaporation 
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of raindrops. None of the processes leads to an equilibrium 
distribution. 
15-29 Best, A. C, "The Evaporation of Raindrops." Royal Meteorological 
Society, Quarterly Journal, 78:200-225, 1952. 
The evaporation of a single drop of water, as it falls through 
an atmosphere in which the lapse rate is 6.5 c/km. and the surface 
temperature either 15 C or 41°C, is examined. By making certain 
justified assumptions, it is shown that the change in surface area 
of a large drop (i.e., with radius exceeding 0.15 mm), as it falls 
from height , to , is proportional to (l-f)1.13 exp (-L ) 
where 100 f is the relative humidity and L is a constant. Values 
are given for the constant of proportionality and for L. If the 
drop has a radius less than 0.15mm the change in volume of the 
drop is proportional to (l-f)1.062 exp (-L ). 
These results are then used to assess the effect of evaporation 
on the size and size distribution of raindrops falling through a 
constant atmosphere. It is shown that if the size distribution of 
raindrops at some initial height is given by 1-F=exp -(2a/b)n 
where F is the fraction of liquid water comprised "by drops with 
radius less than a, and b and n are constants, then evaporation 
will lead to a change in the values of b and n "but will not affect 
the general validity of the formula. As the rain falls through the 
non-saturated air the distributive index n tends to a value "between 
3.5 and 4.0 whether it was greater or less than such a value initially. 
If the initial value of n is less than 3.0 the scale diameter b 
increases as a result of evaporation. If the initial value of n 
exceeds about 3.5 the scale diameter decreases. The effect of 
evaporation upon the radar response from falling rain is also 
examined. 
In the last part of the paper the effect of the evaporation of 
rain into air which is initially unsaturated is considered. It is 
shown that the air temperature tends to a steady value and the 
relative humidity to 100 per cent. The excess of temperature above 
the steady-state value and the deficit of relative humidity below 
100 per cent decrease exponentially to zero with time. The 
depression of the steady-state temperature "below the initial 
temperature is a function only of the initial temperature and 
relative humidity and a table is given showing the value of the 
steady-state temperature for nine different sets of initial conditions. 
The rate at which the final state is approached depends however 
only upon the rate of rainfall and a formula is derived for this 
dependence. (Author's Ab.) 
15-30 Melzak, Z. A., and W. Hitschfeld, A Mathematical Treatment of Random 
Coalescence. McGill University, Montreal, Scientific Report MW-11, 
Stormy Weather Research Group, 28 pp. March, 1953. 
In this report an attempt was made to develop a general theory 
of coalescence processes and to apply it to-problems of rain, cloud, 
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and snow particle size distributions. For this purpose, a general 
integro-differential equation for f (x,t) is set up and solved in a 
few special cases. Also, some general conclusions are drawn from 
the equation itself. The solutions are then applied to particular 
meteorological problems. The function f (x,t) dx is defined as the 
average number of particles at time t in unit volume which have 
masses in the interval x to x plus dx. 
15-31 Mason, B. J. and R. Ramanadham, "Modification of the Size 
Distribution of Falling Raindrops by Coalescence." Royal 
Meteorological Society, Quarterly Journal, 80:388-394, 1954. 
The manner in which the size distribution of raindrops is 
modified during their fall by mutual coalescence, accretion with 
cloud droplets, and by evaporation below cloud base was investigated. 
It is shown that if a constant flux of raindrops having an 
exponential size distribution occurs in a steady state at the level 
of origin, this initial distribution will undergo considerable 
modification after a fall of 1 km. All three processes will cause 
a shift in the drop-size spectrum towards larger diameters, producing 
an increase in the intensity of the radar echo at lower levels, a 
phenomenon that is sometimes observed. Owing to the modification 
of the drop-size spectrum during fall and to the rather rapid 
fluctuations which are frequently observed in the distribution at 
the ground, it is not often possible to correlate the distribution 
observed at the ground with the intensity of the radar echo. 
15-32 Rigby, E. C, J. S. Marshall and W. Hitschfeld, "The Development 
of the Size Distribution of Raindrops During their Fall." Journal 
of Meteorology, (Boston), 11:362-372, Oct., 1954. 
Numerical methods are used to study the changes in the distri­
bution of raindrops with size and in the radar echo, as rain falls. 
Changes brought about by collisions among the drops, by accretion 
of cloud, and by evaporation are considered. The distribution 
assumed aloft is that actually observed at the ground. This is 
justified, because the changes in the form of the distribution are 
found to be slight: an exponential type of distribution law would 
seem to be applicable at all heights. This result is taken to mean 
that the processes investigated cannot by themselves produce the 
distributions observed at the ground from distributions of a very 
different sort, or from the broad distributions of snow. A mechanism 
as yet unknown, probably involving drop break-up, would seem to be 
required. The work is done both for "continuous rain," where 
conditions at all levels are assumed to be constant in time, and for 
showers, where they are assumed to be initially the same at all levels. 
Unequal rates of fall of raindrops tend to increase the vertical 
extent of the radar echo in time. The calculated rates of motion 
of echo top and base depend critically on range and radar sensitivity; 
they are in reasonable agreement with those observed. 
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Where necessary, the rate of depletion of cloud due to rain 
falling through it is taken into account. -A simple theory of this 
process, by K. L. S. Gunn, is described in an appendix. (Author's 
Ab.) 
15-33 Telford, J. W., N. S. Thorndike and E. G. Bowen, "The Coalescence 
Between Small Water Drops." Royal Meteorological Society, Quarterly 
Journal, 8l:24l-250, April, 1955. 
An experiment is described for measurement of the rate of 
coalescence in a cloud of droplets of nearly equal size. It was 
found that the value of the collection efficiency was unexpectedly 
high. The influence of electric charges on the droplets has been 
observed. Increases in the collection efficiency are possible up 
to a factor of 20. 
15-34 Fujiwara, M., "A Computation of the Effect of Coalescence on 
Raindrop Size-Distributions." Papers in Meteorology and Geophysics, 
(Tokyo), 6 (2):205-209, September, 1955. 
The effect of coalescence on raindrop size-distribution was 
computed. No consideration was made of the effects on the size-
distribution which may occur from evaporation of the drop, accretion 
of cloud droplets on the raindrops, or break-up or bouncing at the 
collision of the drops. The results were plotted for comparison 
with those of Rigby and others, 1954, and with those of Mason and 
others (15-30). In the actual atmosphere, processes such as 
accretion of cloud droplets on raindrops, evaporation of drops, 
horizontal mixing or advection and up-or-down-drafts often exist 
simultaneously. These processes may have more importance in the 
formation of raindrop distributions than does coalescence. 
Terminal Velocity 
(see 1-3, 4-1, 7-3, 10-10, 10-11, 15-5) 
Drop Trajectory 
( see also l-ll) 
15-35 Langmuir, I., and K. B. Blodget, A Mathematical Investigation of 
Water Droplet Trajectories. (Contract with General Electric Co., 
published by them in 1945) Technical Report 54l8, Air Matereal 
Command, February, 1946. 
Calculations are given of the trajectories of small water 
droplets in air moving at high velocities across a cylinder. Theory 
of cloud droplet interception by airfoils is developed. Quantitative 
impingement rates and the area of catch for particular conditions may 
be calculated. An example is given of the analysis of experimental 
data by means of theoretical curves. Basic theory in the multi-
cylinder method is given for icing and cloud droplet measurements. 
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15-36 Goodman, T. R., "Linearized Theory of Water Drop Impingement." 
Journal of Aeronautical Science, 23:399-400, April, 1956. 
Formulas for the trajectories of particles in the vicinity of 
a thin airfoil are derived. The analysis was applied to a flat 
plate at an Angle of attack, and the efficiency of collection of 
particles on the surface was calculated. The analysis assumes the 
flow field in the vicinity of the airfoil to be given by first-
order linearized theory. The motion of the particles relative to 
this flow field is assumed to be governed by Stokes' law. 
Electrostatic Charge on Raindrops 
( see also 7-1, 7-2, 7-4, 7-10) 
15-37 Barker, J. p., A Study of Some Mechanisms of Raindrop Charging. 
North Carolina University, Department of Physics, Final Report, 
Kaval Research Laboratory Contract H8onr79500, 14 pp., June, 1949. 
A technique for supporting water drops in a slightly divergent 
stream of air for indefinite periods has been developed and an 
investigation made of the possible connection between the electric 
charge acquired by a drop and its history of evaporation or 
condensation. Initial experiments indicate no dependence of charge 
upon evaporation. (Author's Ab.) 
-95-
MEASURING OF LIQUID WATER 
Section l6 CONTENT OF THE ATMOSPHERE 
Determination of the accuracy of operation of various airborne rain­
drop or cloud droplet sizing and counting devices has been accomplished in 
part through the use of instruments designed to measure the liquid water 
content of the atmosphere. For this reason, descriptions of instruments 
designed for this function are included. 
BIBLIOGRAPHY - MEASURING,OF LIQUID WATER CONTENT OF THE 
ATMOSPHERE 
16-1 Kolin, A., "An Alternating Field Induction Flow Meter of High 
Sensitivity." The Review of Scientific Instruments, (N.Y.), 16(5): 
109-116, May, 1945. 
An electromotive force is induced in a fluid moving in a pipe 
at right angles to a magnetic field. This effect can be used to 
measure magnetic fields by maintaining a known flow or to measure 
the discharge of a fluid through a pipe by maintaining a known 
magnetic field. The flow of poor electrolytic conductors like tap 
water can be measured as well as the flow of a liquid metal, for 
instance, mercury. A modification of the apparatus for the purpose 
of measuring the velocity distribution and fluctuations of instan­
taneous velocity in large' channels comprising a minute magnet with 
attached electrodes is described. (Author's Ab.) 
16-2 Falconer, R. E., and V. J. Schaefer, "A New Plane Model Cloud Meter." 
General Electric Research Laboratory, Schenectady, N.Y., Project 
Cirrus, Final Report, Contract No. W-36-039-SC-32427, Dec.31, 1948. 
An airborne, liquid-water content meter was devised which 
registered the water content as a stain in the center of a one-inch 
wide, dye-impregnated, glass cloth tape. The method used a porous 
plug collector which was connected to a small vertical capillary 
tube. Any cloud droplet which arrived at the surface of the collector 
would be drawn immediately into the capillary. This excess water in 
the system caused water to flow from the other end onto the tape, 
staining it. The tape, advanced by clockwork, was marked with a 
dot at one-minute intervals. The instrument was checked by comparison 
with the amount of liquid water collected simultaneously on a small 
porous cylinder. 
16-3 Vonnegut, B., "A Capillary Collector for Measuring the Deposition 
of Water Drops on a Surface Moving Through Clouds." Review of 
Scientific Instruments, (N.Y.), 20(2): 110-114, February, 1949. 
An instrument has been devised for,the purpose of measuring 
the amount of water impinging on a small area moving through clouds, 
rain, or snow. From measurements of this sort, the Liquid-water 
content of the atmosphere can be evaluated. 
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The instrument uses capillary phenomena to collect and retain 
water drops striking a small porous surface. Its function is the 
same as small scoops which have been used to measure water collection 
in flight, hut it has the advantage that its response rate is 
sufficiently rapid to measure collection rate over a very short 
interval of time. It has been successfully used in wind tunnel and 
flight tests. With slight modification, the instrument should find 
application in measurements on other liquid aerosols. (Author's Ah.) 
16-4 Jensen, C. E., A. C. Bemis, and R. M. Cunningham, A Recorder for an 
Airborne Liquid Content Measuring Instrument. Mass. Institute of 
Technology, Technical Report 16, Contract Ho. DA-36-039-SC-124, 
July 15, 1951. 
Supplemental instrumentation has been devised for the purpose of 
obtaining a permanent record of water collection rate in flight. This 
instrumentation is intended to add to and, hence, correct the 
deficiency of, the present capillary collector system which employs 
manual reading and resetting. The record obtained will be continuous 
with the exception of the time necessary for automatic resetting of 
the water column level. The instrument converts an incremental 
change in capacitance into an incremental change in rectified current 
output by means of a coupled oscillator detector circuit. The change 
in capacitance detected is that caused by water replacing air in the 
capillary glass tubing which has been designed to act as an electrical 
capacitor. The position of the water in the tubing represents a 
certain value of capacitance which in turn determines a particular 
current output which further controls the position of the pen of an 
Esterline-Angus Recorder. Any changes in the water level with time; 
that is, the rate of water collection in flight, may thus be 
determined by taking the slope of the pen record within the time 
interval desired. Finally, knowing the speed of the aircraft and 
the projected area of the collector head, the actual liquid water 
content in that portion of the atmosphere sampled may be calculated 
from a simple relation. (Author's Ab.) 
16-5 Warner, J., and T. D. Newnham, "A New Method of Measurement of Cloud 
Water Content." Royal Meteorological Society, Quarterly Journal, 
78:46-52, January, 1952. 
This instrument operated on the principle that the electrical 
resistance of paper is a function of its moisture content. A 100-
foot roll of 1-inch paper, contained in a drum, was pulled over 
rollers driven by means of a motor, the speed of which could be 
varied to give tape speeds ranging from 2 to 24 inches per minute. 
The tape then passed under a slit of 0.1-inch wide on the forward end 
of the instrument cover, which was in the form of a half cylinder 
0.375 inch in diameter. The tape was wetted by cloud droplets as it 
passed the slit. After a short delay that would allow the paper to 
absorb the droplets collected on its surface, the resistance across 
the tape was measured and recorded on a recording milliameter. In 
the event the aircraft passed through heavy rain or the instrument 
was not in use, a motor-driven shutter could be used to close the 
inlet slit. 
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The instrument was not satisfactory for use in moderate or 
heavy rain, as the slit became covered with water. It is unlikely 
that temperature variations would cause errors in water content of 
more than five percent. 
After considering collection efficiency, and without any 
correction for temperature, the results should not be considered 
accurate to better than ± 25 percent. 
16-6 Heel, C. B., Jr., and C. P. Steinmetz, The Calculated and Measured 
Performance Characteristics of a Heated-Wire Liquid-Water Content 
Meter for Measuring Icing Severity. National Advisory Committee 
for Aeronautics, Technical Note 2615, January, 1952. 
Ground tests have been made of an instrument which, when 
assembled in a more compact form for flight installation, could be 
used to obtain statistical flight data on the liquid-water content 
of icing clouds and to provide an indication of icing severity. The 
sensing element of the instrument consisted of an electrically heated 
wire which is mounted in the air stream. The degree of cooling of 
the wire resulting from evaporation of the impinging water droplets 
is a measure of the liquid-water content of the cloud. Determination 
of the value of the liquid-water content from the wire temperature 
at any instant requires a knowledge of the airspeed, altitude, and 
air temperature. (Author's Summary.) 
16-7 Wolff, E., "An Airborne Flow Meter for Measuring Bain." American 
Meteorological Society, Bulletin, 33(9):369-372, November, 1952. 
An automatic airborne flow meter has been developed for the 
measurement of water in the atmosphere. The system utilized a 
sintered brass (porex) capillary collector. In this flow meter, the 
amount of water entering the system is measured by the change in 
position of an oscillating mercury filament in a capillary tube. The 
flow meter has three basic parts: a collector, a measuring unit, and 
a recorder to provide a permanent record. 
l6-8 Neel, Co B., Jr., A Heated-Wire Liquid Water Content Instrument and 
Results of Initial Flight Tests in Icing Conditions. National 
Advisory Committee for Aeronautics, Research Memorandum A54123, 1955. 
In the conduct of research directed toward the development of a 
simple instrument suitable for the measurement of icing severity, a 
flight version of the NACA heated-wire liquid-water-content instrument 
was constructed and flight tested in natural icing conditions. Data 
obtained simultaneously with rotating multicylinders indicated that 
reliable flight measurements of liquid-water content could be made 
with the heated-wire instrument. The rate of response of the 
instrument to variations in water content was sufficiently high to 
enable a detailed study of cloud structure. Tests in a cloud duct 
during development of the instrument indicated that measurements could 
be performed at speeds up to at least 700 mph. Although the flight 
tests revealed certain deficiencies in the present form of the 
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instrument, it appeared that, with the inclusion of several modifi­
cations, the heated-wire device could serve as a useful and practical 
flight instrument. 
Results of the flight measurements in natural icing conditions 
substantiated the high values of liquid-water content predicted in a 
previous statistical analysis. The highest value measured was 3.7 
grams per cubic meter. (Author's Summary). 
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AUTOMATIC SIZING AND COUNTING 
OF STAINS- OR IMAGES 
Recording drop sizes on filter paper or photographing natural rain by 
means of flash illumination to immobilize the drops results in images of 
drops on sheets of paper or film. Sizing and counting from such media are 
extremely tedious (10-8, and 1-1 through 1-39). These techniques of re­
cording drop sizes are more acceptable if data from the resulting paper or 
film can be sized and counted automatically. 
An excellent treatise on the subject of automatic sizing and counting 
is titled: The Physics of Particle Size Analysis, British Journal of 
Applied Physics, Supplement No. 3, available at thirty-five shillings from: 
The Institute of Physics, 47 Belgrave Square, London, S.W. 1, England. 
This collection of papers from a conference arranged by the Institute of 
Physics and held at the University of Nottingham in April, 1954, includes 
the theory of automatic sizing and describes equipment designed for this 
purpose. 
The articles by Wheeler and Trickett (l7-l) and by Adler, Mark, 
Marshall, and Parent (at the University of Wisconsin) described machines 
which scan with a very fine point and read chords of the images. Both 
Clink (17-3) and Casella (17-13) have developed machines which employed 
wide slit scanning. Cinema-Television Ltd. (17-14) and Mullard Ltd. 
(17-15) have instruments which make use of flying spot scanning to read 
chords but employs a memory system so that chords are read only once for 
each particle. Sizing is accomplished by a system which allows only one 
count pulse to be produced if the image line intercept is greater than a 
preselected length. By changing the threshold, images can be sorted into 
any desired number of size classes. 
Care must be taken to match the specifications for the raindrop 
recording technique (filter paper or photographic) with the requirements 
of the automatic sizing device to be used. 
Mueller and the authors have proposed recording raindrops as streaks 
on film. (See Streak Photography on page 63). It is believed that the 
widths of the streaks produced on the film will be related to the drop 
diameters and that the scanning device developed at the University of 
Wisconsin (17-2) can be adapted to read the width of the streaks, and sort 
and record them in various size classes. Dependable or accurate automatic 
sizing of raindrops should be accomplished with a minimum of manpower by 
this method. 
BIBLIOGRAPHY - AUTOMATIC SIZING 
AND COUNTING OF STAINS OR IMAGES 
17-1 Wheeler, L. K. and E. S. Trickett, "Measurement of the Size-
Distribution of Spray Particles." Electronic Engineering, (London), 
25:402-406, Oct., 1953. 
The apparatus was designed and constructed for the automatic 
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assessment of the distribution of sizes of spray particles. A 
phototelegraph transmitter is used to scan spot patterns produced 
by a spray. The resultant signals, which are proportional in 
duration to the chord lengths produced by the interception of the 
scanning beam by the spots, are presented to a discriminating device 
which records the numbers of chords exceeding predetermined limits. 
Ten size-groups can be recorded simultaneously. From the data thus 
obtained, if certain assumptions can be made regarding the type of 
distribution within size-groups, the complete distribution of spot 
sizes in the scanned sample may be calculated with fair accuracy. 
The apparatus was developed at the Post Office Engineering Research 
Station. (Author's Ab.) 
17-2 Adler, C. R., A. M. Mark, W. R. Marshall, Jr., and R. J. Parent, 
"A Scanning Device for Determining the Size Distribution of Spray 
Droplet Images." Chemical Engineering Progress, 50(l):14-23, 
January, 1954. 
A scanning device was developed which determined the size and 
number of droplet images on a photographic negative. The negatives 
were mounted on a rotating drum and projected on a plane containing 
a small aperture in front of a photomultiplier tube. (Fig. 17-2.1). 
As the droplet images were rotated past the aperture, light fell on 
the photomultiplier. The duration of the light pulse was related 
to the length of chords of the drop images. (Fig. 17-2.2). During 
each revolution the drum was advanced on its axis a small distance 
so that successive chords were read. (Fig. 17-2.3). 
Pulses from the phototube were amplified, sorted according to 
length into fifteen size classes, and recorded on electronic 
counters. (Fig. 17-2.4, 1 7 - 2 . 5 , and 17-2.6). A statistical treat­
ment of this chord distribution was then made to give drop-size 
distribution. Tables of coefficients have been computed to permit 
rapid conversion of the chord distribution to drop-size distribution. 
The statistical theory upon which these coefficients were based was 
presented. This operation was accomplished in about 15 minutes by 
means of a calculating machine. Results of tests on actual spray 
samples and on special test negatives demonstrated that the device 
would count and classify drops with acceptable accuracy. The 
scanning rate could be as high as 10,000 drops in 15 minutes at 
maximum drum speed. A minimum of 500 to 600 images is needed for 
the statistical theory to apply. The machine counted far faster 
and with greater accuracy than could be done manually. Its 
principal limitation was that it was restricted to the analysis of 
transparent images on photographic negatives, which required the 
sampling of sprays by photographing droplets collected in cells on 
greased or soot-coated slides. 
17-3 Clink, W. L., "Stain Counter Totals Droplets." Electronics, (Albany, 
N.Y.), 27:202-212, Feb., 1954. 
A slit-scanning device is described which sized stains and, 
after classifying, recorded them on six counters. The article was 
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Courtesy Engineering Experiment Station, University of Wisconsin 
Fig. 17-2.1 Diagramatic sketch of arrangement of elements of scan­
ning drum and electronic system. The negatives,B,are mounted on 
the periphery of the drum,A, whose diameter is one foot. This drum 
is driven by a synchronous motor,G. During rotation the drum is 
simultaneously advanced up or down by a nut on the drum shaft,L. 
The actual scanning procedure consists of projecting the drop images 
by means of an optical system, M, N, and C, and focusing the project­
ed image on a plane at D, wherein lies a metal foil, F, placed in front 
of a photomultiplier tube,E. In the center of this foil is a small 
aperture having a diameter of between 50 and 100 microns. This 
aperture corresponds to the concept of a pinpoint beam of light which 
was visualized in the development of the theory. As a drop image 
passes across the foil, light passes through the aperture as a small 
beam and illuminates the phototube causing an electrical pulse to 
pass to amplifier Q and thence into the sorter-counter, T. 
Fig. 17-2.2 Spot scanning drop images. 
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Fig. 17-2.3 Geometry of the scanning process. 
Fig. 17-2.4 Block diagram. 
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Courtesy Engineering Experiment Station, University of Wisconsin 
Fig. 17-2.5 Block diagram 
Fig. 17-2.6 Waveforms from circuits shown in 
Fig.  17-2.5 
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devoted, primarily, to a description of the electronic equipment. 
An unpublished letter from Clink to the authors gave further  
details of the operation of the device. The subject material 
consisted of dark (red dye) stains on white, absorbent cardboard. 
Stain sizes ranged from 0.5 mm to 10 mm diameter, and the reflectance 
ratio between the spots and the cardboard had to be at least 1:4. 
The scan was performed in a spiral (phonograph record type). 
A scanning slit of approximately 50 microns width and of adjustable 
length up to 1 cm was placed perpendicular to the direction of scan. 
A constant linear rate was obtained by driving the turntable with 
a constant-speed, rotating wheel located immediately under the 
scanning head. This device could not be operated to the center of 
the card. 
The number of stains counted in 45 seconds per card might range 
from 100 to 1000. Corrections were necessary before the stain sizes 
could be obtained. 
As a result of experience with the instrument, the following 
recommendations were made: mechanically, a helical scan is far more 
preferable than a spiral scan. A close pitch, fine point scan is 
preferred providing ,it does not introduce exorbitant requirements of 
circuitry response or scanning time. The design, construction, and 
testing of a suitable machine would be a considerable undertaking and, 
to be of optimum value, should be undertaken only if the necessary 
developmental personnel are available and if considerable use would 
be made of the machine. 
17-4 Walton, W. H., "Survey of the Automatic Counting and Sizing of 
Particles." British Journal of Applied Physic's, (London), Supplement 
3, pp. S121-S125, April 6-9, 1954. 
A simple account is given of the basic principles employed in 
automatic counting and sizing devices and some of the difficulties 
encountered. (Author's Ab.) 
17-5 Hawksley, P. G. W., "Theory of Particle Sizing and Counting by Track 
Scanning." British Journal of Applied Physics, (London), Supplement 
3, pp. S125-S132, April 6-9, 1954. 
A theoretical relation is developed between the number and 
size distribution of particles dispersed in a plane field of view 
and the number of particles intercepted by a scanning track drawn 
across the field; it is shown that the number of oversize particles 
per unit area can be obtained from observations of the numbers 
intercepted by tracks of different widths. It is shown also that the 
usual methods of counting are special cases. (Author's Ab.) 
17-6 Phillips, J. W. "Some Fundamental Aspects of Particle Counting and 
Sizing by Line Scans." British Journal of Applied Physics, (London), 
Supplement 3, pp. SI33-SI37, April 6-9, 1954. 
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Some of the simpler ways of using line scans are noted, 
particularly with reference to counting and sizing particles which, 
approach the limits of optical resolution. 
A general treatment relating derivable information to observed 
data of frequency of interception of particles by line scans and 
combinations of line scans is given, and it is shown that to achieve 
a desirable accuracy a large aperture must be used and the presence 
of particles which do not fill the whole aperture must be recognized; 
this is best done by using an aperture composed of a line of inde­
pendent probes so that the field is scanned as with a comb. Other 
methods, favored at present, which depend on the use of apertures or 
probes whose size or position must be known accurately, cannot 
realize the potential and desirable accuracy of counting and sizing 
owing to limits set by optical resolution. 
Estimates are made of the increased counts required in 
statistical methods and also of the relative merits of criteria of 
association of signals in methods where particles are assessed 
individually. (Author's Ab.) 
17-7 Le Bouffant, L., and J. L. Soule, "The Automatic Size Analysis of 
Dust Deposits by Means of an Illuminated Slit." British Journal of 
Applied Physics, (London), Supplement 3, pp. S143-Sl47, April 6 - 9 , 
1954. 
The analysis of dust deposits by means of an illuminated slit 
allows simultaneous counting and size distribution analysis. For 
counting, it is possible to provide statistical compensation of errors 
due to fractional interception, overlapping, 'coincidence, and lack 
of sensitivity by choice of an optimum slit length. Under these 
conditions classification by surface area gives accurate size 
distribution information. An apparatus to operate on these principles 
is described. (Author's Ab.) 
17-8 Dell, H. A., "Stages in the Development of an Arrested Scan Type 
Microscopic Particle Counter." British Journal of Applied Physics, 
(London), Supplement 3, pp. S156-S161, April 6-9, 1954. 
The most detailed analysis of the particles of dust deposited on 
a plane surface is possible when the surface considered is examined 
point by point by a spot scanning system. Techniques are described 
using line-to-line memory systems which provide a single impulse for 
each particle in each field of scan. These impulses can be used to 
arrest the normal scanning motion of the spot, which can then 
explore each particle in turn as it is discovered,, The mode of 
exploration chosen can be designed to exhibit the features of the 
particles which are of interest. Some simple modes are described. 
(Author's Ab.) 
17-9 Courshee, R. J., "Testing a Counting Machine," British Journal of 
Applied Physics, (London), Supplement 3, pp. Sl6l-Sl65, April 6-9,
1954. 
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The method and results of measuring the accuracy of a particle 
sizing and counting machine are described and compared with the 
results obtained when sizing with a microscope. Machine counting 
appears to be quicker and more consistent and accurate than counting 
by eye. (Author's Ab.) 
17-10 Hawksley, P. G. W., J. H. Blackett, E. W. Meyer, and A. E. 
Fitzsimmons, "The Design and Construction of a Photoelectronic 
Scanning Machine for Sizing Microscopic Particles" British Journal 
of Applied Physics, (London), Supplement 3, PP. S165-S173, April 
6-9,l954. 
The design of photoelectronic scanning machines for counting 
and sizing particles is discussed. Data are presented on the per­
formance of a machine constructed for sizing particles dispersed on 
microscope slides. The size distribution of a sample of coal 
particles down to 5 microns, as determined by the scanning machine, 
agrees with that from a visual count. (Author's Ab.) 
17-11 Taylor, W. K., "An Automatic System for Obtaining Particle Size 
Distributions with the Aid of. the Flying Spot Microscops." 
British Journal of Applied Physics, (London), Supplement 3, pp. 
S173-S175, April 6-9,1954. 
A method is described that enables an automatic count to be 
made of the number of particles within a microscope field that have 
a maximum dimension, in any chosen direction, exceeding a calibrated 
reference dimension. The method thus enables a histogram of size 
distributions to be constructed for any convenient grouping, and by 
rotating the area, it is possible to detect whether unsymmetrical 
particles show a tendency to aline themselves in a particular 
direction. (Author's Ab.) 
17-12 Gillings, D. W., "Automatic Particle Counting: Some Principles of 
Instrument Design." Instrument Practice, (London), 9:763-770; 
886-889, Aug. and Sept., 1955. 
There are many ways in which experimental work on finely 
divided solids in the form of dusts and suspensions and on similar 
disperse systems is assuming a growing importance and magnitude. In 
order to assist and limit the difficult task of direct microscopical 
determination of number and size of particles, methods have recently 
been proposed to mechanize the work by optical scanning and electronic 
counting instruments. 
In the present description the principles of design of instru­
ments are considered in two main categories. In some instruments 
the counting circuits deal with all the information obtained by 
scanning, and the results give direct indication of the character of 
the dispersion without extensive calculation. In these instruments 
Information from each individual particle is grouped before presen­
tation and the term "comprehensive" is applied to this category. In 
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the other "selective" instruments, much simpler signal analysis is
accepted and computation is needed to give full descriptions of 
any but the most homogeneous disperse systems. (Author's Summary) 
17-13 Casella (Electronics) Ltd., Automatic Particle Counter and Sizes. 
46/48, Osnaburgh Street, London, N.W. 1, England. 
An instrument is described which automatically counts and 
sizes microscopic material. The instrument, which employs the 
method of wide tract scanning, is commercially available. Prices 
are quoted for units with 1, 3, or 5 channel recorders. 
17-14 Cinema-Television Ltd., Flying-Spot Particle Resolver. Worsley 
Bridge Road, Lower Sydenham, London, S. E. 26, England. 
An instrument has been developed which automatically determines 
the number and size of images or "elements" observed. Flying spot 
scanning is used. A magnetic memory unit is used and when the 
flying spot scans a particle for a second time, in the same general 
location, the second count is rejected. A monitor of the scanned 
area is provided. 
All particles less than the size selected will not be recorded. 
Thus by successive counts with differing minimum sizes-, a complete 
size analysis may be obtained. With this type of sorting only one 
recorder is necessary. Instruments with this method of operation 
are available commercially. 
17-15 Mullard Ltd., Film Scanning Particle Analyser. Equipment Division, 
Mullard House, Torrington Place, London, W.C. 1, England. 
An instrument has been developed which scans the 35 mm film 
record of the particle sample. Flying spot scanning is used with 
a memory device which prevents repeated counting of the same image. 
Sizing is accomplished by a system which allows a count pulse to be 
produced if the image line intercept is greater than a preselected 
length. Visual monitoring of the sampling area is continuously 
available and particles being counted are tagged on the visual 
display. These instruments are available commercially. 
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Section 18 LOW LEVEL ATMOSPHERIC TURBULENCE 
Although information on low level atmospheric turbulence is not 
plentiful in the literature, there are enough data available to lead one to 
several deductions. Mechanical turbulence, generated by the wind in passing 
over rough ground, appears to be directly proportional to the wind speed 
(l8-3). The vertical mean wind speed a few feet from the ground may be as 
great or greater than that found at an elevation of 300 ft (18-5). This 
finding is in keeping with data obtained in experiments with the turbulent 
flow of fluids in pipes, open channels, and wind tunnels. 
The authors have not been able to obtain vertical wind data which was 
taken in stormy or inclement weather. This was not due to a lack of interest 
on the part of the observers, but rather to the difficulties involved in 
using the available wind recording equipment in rain. The successful 
operation of the bivane, for example, requires that the delicately balanced 
tail remain dry. Since mechanical turbulence is directly proportional to 
the wind speed, vertical wind velocities encountered near the ground in 
thundershower activity should be at least as great as any measured during 
fair weather. Vertical wind velocities of from 2.0 to 2.7 meters per 
second have been measured at elevations of 7 to 15 meters when the maximum 
horizontal wind ranged from 5 to 10 meters per second (l8-l). 
The eddy velocity due to mechanical turbulence decreases from about 
one-third the mean wind speed at 6 ft above the ground to about one-fifth 
the mean speed at 150 ft (18-3). Vertical velocities up to 1.5 meters per 
second have been observed at an elevation of 3.1 meters above the ground 
when the horizontal wind speed was 3.2 meters per second (l8-l). 
BIBLIOGRAPHY - LOW LEVEL ATMOSPHERIC TURBULENCE 
18-1 Cramer, H. E., "A Study of the Turbulent Motion of Particulate Matter." 
Research on Turbulence and Diffusion of Particulate Matter in the 
Lower Layers of the Atmosphere. Mass. Institute of Technology, 
Round Hill Field Station, Progress Report 5, Contract Wo. AF28(099) 
-7, pp. 15-26, February 10, 1950. 
Darex 10-gram and 30-gram ballopns were filled with helium to 
zero lift-. These "no-lift" balloons were opaque and large enough 
to make possible satisfactory photographs even in strong winds. The 
trajectories for five balloons were determined by a photogrammetric 
technique and the resulting velocity components are assumed to be 
those of the wind. 
At an elevation of 3.1 meters above the ground, a horizontal 
wind speed of 3.2 meters per second was found to have a vertical 
component of 1.5 meters per second. In a different run, the vertical 
component varied from 2.0 meters per second to 2.7 meters per second 
for elevations from 7 to 15 meters. In this run the maximum 
horizontal wind component ranged from 5 to 10 meters per second. 
18-2 Mass. Institute of Technology, Summary of Observations Obtained from 
Fast-Response Instrumentation at 0'Weill, Nebraska, during August and 
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September 1953. Mass. Institute of Technology, Round Hill Field 
Station, 1953. 
The mean wind speed, standard deviations of the eddy velocity 
components, gustiness coefficients, horizontal shearing stress, 
standard deviation of temperature, vertical flux of sensible heat, 
and other data are presented in tabular form. 
18-3 ASAEC, "Turbulence." A Meteorological Survey of the Oak Ridge Area, 
0R0-99, U.S. Atomic Energy Commission, pp. 355-370., U.S. Weather 
Bureau, Oak Ridge, Tennessee, November, 1953. 
A summary of the findings with respect to turbulent velocities 
in the Oak Ridge area was given. Daytime instability produces 
convective eddies with diameters of the order of several thousand 
feet, periods of the order of 10 to 30 minutes, and both vertical 
and horizontal eddy velocities averaging about 2-3 mph at average 
wind speeds of 5-15 mph throughout the lowest 1000-3000. ft. Gust 
velocities of 5-10 mph lasting for fractions of a minute occur 
several times hourly under such conditions. 
Mechanical turbulence generated by the wind in passing over 
rough ground is directly proportional to the wind speed and the 
root mean square eddy velocity decreases from about one-third the 
mean speed at six feet above the ground to about one-fifth the mean 
speed at 150 feet. These eddies are smaller than the thermal eddies, 
with no periods greater than one-half minute and with some as short 
as a few seconds. Mechanical eddies are damped out in inversions, 
dropping in the lowest 50 feet from one-fourth to one-third the 
mean speed under adiabatic conditions to about one-sixth the mean 
speed with a 1 F inversion. 
18-4 Cramer, H. E., G. C. Gill and F. A. Record, Research on Atmospheric 
Turbulence and Associated Diffusion of Aerosols and Gases near the 
Earth's Surface. Mass. Institute of Technology, Round Hill Field 
Station, Final Report under Contract Ho. AF 19(604)-145, 49 pp., 
June, 1954. 
Instrumentation for the Great Plains Turbulence Field Program 
is described. Field measurements made before and during the Great 
Plains Turbulence Field Program are discussed. Four bivanes were 
mounted at heights from 2.3 to 11.9 meters in tests made during June 
and August, 1952. Four sets of improved bivanes were mounted at 
selected heights up to 55 ft for use in obtaining wind data in the 
Great Plains Turbulence Field Program. 
l8-5 Bartlett, F. E., Vertical Wind Information on a Typical Windy, Sunny 
Day. Brookhaven National Laboratory, Upton, L.I., N.Y., Original, 
unpublished data, 75 PP., 1955. 
Bivane data with five-second readings provided five-second 
vertical mean wind speeds and five-second horizontal mean wind 
speeds in the mean wind direction. These data were taken at the 
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75 ft, 150 ft, and 300 ft levels. In one 5-second interval, the 
vertical mean wind speed at the 75 ft level varied from +6.4 meters 
per second to -0.1 meters per second when the horizontal mean wind 
speed was approximately 8 meters per second. Another observation 
shows a variation in the vertical mean wind speed from -1.9 to +2.1 
meters per second in a 5-second interval when the horizontal mean 
wind speed was approximately 7 meters per second. Other observations 
show a vertical mean wind speed of 4.8 meters per second with a 6.7 
meters per second horizontal mean wind speed and a 7.4 meters per 
second vertical mean wind speed with only an 8.3 meters per second 
horizontal mean wind. 
Observations at the 150 ft and the 300 ft levels taken con­
currently with those at 75 ft show similar results, but the vertical 
mean wind speed was somewhat less than that at 75 ft. The horizontal 
mean wind speed was greater at 150 ft and 300 ft than at 75 ft as 
would be expected. 
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CONCLUSIONS AND RECOMMENDATIONS 
In considering methods of sizing raindrops, it has been assumed that 
the nominal diameter of the raindrop was desired. Nominal diameter of a 
drop, as defined in the introduction, is the diameter of a spherical drop 
having the same volume as the drop under consideration. Falling drops of 
a diameter less than two millimeters have a shape very near that of a 
perfect sphere but larger ones become distorted and oscillate. Prolate and 
oblate spheroids are commonly observed shapes, and the presence of such 
shapes tends to introduce small errors into almost any system of sizing 
raindrops. Most drop sizing systems also have inherent errors and in some 
cases the errors are so great as to render the method useless. 
In Sections 1 through 11 of this report, numerous techniques or devices 
for drop sizing are reported. Those which seem to be subject to successful 
development for the automatic sizing and counting of natural raindrops are 
considered further in this section. 
From Section 1, the automatic recording device using filter paper in 
tape form, reported by Spencer and Blanchard (l-17) was entirely successful 
in Hawaiian rains where drops tend to be small, that is, below 2 mm 
diameter. Splash problems make filter paper undesirable for use with larger 
drops. The data from this device can be automatically sized and counted, 
and thus accomplish an entirely automatic system. 
A tape-form of the nylon screen method might be devised but it would 
be limited to recording drops 0.4 mm diameter and larger. Design of a 
continuous nylon screen machine is possible; but with the dusting, washing, 
and drying that are necessary, it might become a Rube Goldberg type of 
device and, unless a successful substitute for confectioner's sugar can 
be found, the device would probably attract insects and animals. 
The optic method of scanning which utilizes the light scattered from 
individual particles has been employed in an experimental model by Dingle 
(8-l4) and the work accomplished indicates that this method of drop-sizing 
may be successfully developed. Design problems may be such that the 
tolerances for error, as stated in the introduction a total of ±15 percent, may 
be exceeded but it is believed that they would be limited to ±30 percent. 
This may be the magnitude of the error in sizing individual drops and the 
error over a sample may be smaller due to the "averaging" effect. The fact 
that the particles are sized by measuring the height of a pulse leads to 
calibration problems, as components are subject to change due to aging. 
An advantage of this system is that it makes possible immediate presentation 
of data. 
Successful recording of drop images on photographic film has been 
reported by Jones and Dean (10-8). Recently two, similar 30-inch diameter 
cameras were built by the Illinois State Water Survey. The lower limit of 
resolution for these cameras is a drop of 0.2 or 0.3 mm diameter, which is 
not as good as required in the introduction. With suitable modification to 
make the systems compatible, film records of drops may be scanned automatically. 
The most promising device for this purpose appears to be the one developed 
at the University of Wisconsin (17-2). 
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A method of recording raindrops photographically as streaks has been 
proposed by Mueller of the Illinois State Water Survey and the authors 
(see page 63). This device, if it can be developed successfully,will be 
capable of recording drops of 0.1 mm diameter and larger. It should size 
each drop within a tolerance of ±0.05 mm and size a number of drops very 
accurately as a result of the effect of "averaging." A scanning device, 
similar to the one developed at the University of Wisconsin (17-2), could 
be used to analyze the data. This type of system would have the disad­
vantage of not making available an instantaneous presentation of data, but  
would have the advantage of sizing by measuring the length of a pulse.  
Problems due to aging of the components are not as severe in this method 
as in sizing by means of measuring the height (or intensity) of a pulse. 
Also, one scanning device may be employed to analyze the data recorded by 
a network of cameras. Scanning streaks on film, appears to be adaptable 
to a less complicated method of sizing automatically than scanning 
circular images. Therefore this type of photography is being recommended 
rather than the type developed by Jones and Dean (10-8). 
Gerhardt (11-3) has proposed a device for scanning falling drops using 
a Vidicon tube. If this device can be successfully developed, it promises 
the following advantages: (l) almost instantaneous presentation of data 
and (2) a sample of excellent size in 10 seconds. The lower limit of 
resolution is 0.25 mm drop, and it is expected to size all drops with a 
tolerance of ±0.125 mm. "Averaging" the errors should have the effect of 
making the error on a sample (the histogram presentation) rather small. 
The tolerances stated are dependent on the resolution of the Vidicon. Other 
portions of the system may introduce some additional error. This device 
has the advantage that it sizes by measuring the length of a pulse. 
It is believed that the following types of devices for automatically 
sizing and counting raindrops, listed in order of presentation in this 
report, are subject to successful development:-
1. Light scattering from individual drops as measured by Dingle (8-l4). 
2. Photographing streak images as proposed on page 63 and scanning 
the film (17-2). 
3. Vidicon scanning of streak images as proposed by the University 
Texas (11-3). 
-113-
INDEX OF AUTHORS 
Name Page Name Page 
Abel, C. G. 15 Braun, S. 11, l8 
Adderley, E. E. 31 Briggs, R. O. 59 
Adler, C. R. 100 Brown, A. G. 48 
Alexander, N. E. 48 Brown, E. N. l6 
Anderson, L. J. 2,5 Brun, R. J. 22,23 
Arendt, T. 87 Burnop, G. T. 34,39 
Armour Research Foundation 49 Byass, J. B. l4,15 
Atlas, D. 6,61,62 Byers, H. R. 89 
Bartlett, F. E. 109 Casella (Electronics)Ltd. 99,107 
Bartnoff, S. 6l,62 Cassidy, W. C. 33 
Baxter, D. C. 59 Chapman, G. 19 
Bean, A. G. M. 19 Cinema Television Ltd. 99,107 
Becker, A. 5 Clink, W. L. 99,100 
Bemis, A. C 45,46,96 Cooper, B. F. 30,46 
Bentley, A. 18 Courshee, R. J. 14,15,105 
Best, A. C. 66,90,91 Cramer, H. E. 108,109 
Bigg, F. J. 15,32 Cunningham, R. M. 45,96 
Bishop, R. H. 59 Davidson, K. A. 21,22,46 
Blackett, J. H. 106 Dean, L. A. 63,64,67 
111,112 
Blanchard, D. C 1,2,6,7,8,10 
19,35,77,84 Defant, A. 4 
85,111 
Dell, H. A. 105 
Blodgett, K. B. 93 
Dimmock, N. A. 77 
Boucher, R. J. 11,12,18 
Dingle, A. N. 43,50 
Bowen, E. G. 21,22,46,93 111,112 
Bradley, R. S. 88 Doyle, G. J. 71 
-114-
Name Page Name Page 
Durbin, E. J. 58 Gunn, R. 5,27,34 
36,37,411 
Durgin, W. G. 16 84,89 
Edgerton, H. E. 66 Hacker, P. T. 3,17 
Eldridge, R. C. 59 Hansen, B. L. 33 
Elliott, H. W. 63,66 Harney, P. J. 89 
Evans, M. G. 88 Havksley, P. G. W. 104,106 
Falconer, R. E. 95 Hendrick, R. W. 57 
Findeisen, W. 88 Hidayetulla, M. S. 86 
Fisher, M. A. 48 Hill, G. W. 86 
Fitzsimmons, A. E. 106 Hitschfeld, W. 85,91,92 
Flory, L. E. 74 Houghton, H. G. 12,87 
Fournier d'Albe, E. M. 86 Howell, W. E. 11,lB 
Franklin, R. 15,40 Ichimura, I. 8 
Fuchs, N. 88 Illinois Institute Technology 49 
Fujiwara, M. 8,35,4l,93 Imai, I. 8 
Gelder, T. F. 23 Jarman, E. T. 8 
Gerdel, R. W. 33 Jensen, C. E. 96 
Gerhardt, J. R. 73,75,112 Johnson, J. C. 58,59,73,74 
Germany. Die Umschau in Johnson, J. E. 89 
Wissenschaft und Technik 6,7 
Jones, D. M. A. 63,64,67 
Gill, G. C. 109 111,112 
Gillespie, C. A. l4 Katz, I. 30,46 
Gillings, D. W. 106 Katz, R. E. 45 
Golitzine, N. 12 Katz, S. 48 
Goodman, T. R. 94 Kelly, D. P. 34,35,37,39 
40,43,44,45 
Gucker, F. T., Jr. 43,44,47 57,58,67 
49,71 
-115-
Name Page Name Page 
Killian, J. R., Jr. 66 Mark, A. M. 100 
Kinzer, G. D. 27,34,37,89 Marshall, J. S. 5,90,92 
Kleinknecht, K. S. l4,22 Marshall, W. R., Jr. 100 
Kobayaski, T. 1,6,7 Mason, B. J. 43,46,74,92 
Kohler, H. 2,9,10,17 Mass. Institute of 
Technology 108 
Kolin, A. 95 
Maulard, J. 30,89 
Krump, Robert 80 
May, K. R. 12,13 
Landsberg, H. 20 
Melzak, Z. A. 91 
Lane, W. R. 77 
Mergler, H. W. 23 
Langille, R. C. 5 
Methven, T. J. 32 
Langmuir, I. 87,93 
Meyer, E. W. 106 
Laws, J. 0. 18,19,63 
64,72 Moses, H. 89, 
Le Bouffant, L. 105 Mount Washington Observatory 11 
Lenard, P. 4,83 Mueller, E. A. 6l,62 
Levine, J. 14,22 Mullard Ltd. 99,107 
Lewis, Wm. 23 Naik, Y. G. 60 
Lieberman, A. 32,48 Naval Research Office 46 
Lizner, J. 83 Neel, C. B., Jr. 97 
Lowe, E. J. 1,4 Neubauer, R. 35,36,42,77 
McCullough, S. 63,67 Neuberger, H. 18,20 
McDonald, James E. 85,86 Newnham, T. D. 35,96 
McNaughton, S. S. 32 Niederdorfer, R. 5 
Mache, H. 63,72 Palmer, W. McK. 5 
Magarvey, R. H. 9,78 Parent, R. J. 100 
Malkus, W. V. R. 59 Parker, J. P. 94 
-116-
Narne Page Name Page 
Parsons, D. A. 19 Squires, P. l4 
Pearcey, T. 86 Steinmetz, C. P. 97 
Perez, A. A. 29 Takahasi, Y. 88 
Perkins, P. J. 23,63,67 Taylor, B. W. 78 
Phillips, J. W. 104 Taylor, W. K. 106 
Pike, W. S. 74 Telford, J. W. 93 
Plank, V- G. 6 Terrell, J. R. 59 
Purdy, D. R. 15,40 Thorndike, N. S. 93 
Radford, W. H. 12 Thuman, Wm. C. 48 
Ramanadham, R. 43,46,74,92 Topley, V. 87 
Record, F. A. 109 Trickett, E. S. 99 
Rigby, E. C. 90,92 U. S. Atomic Energy 
Commission 109 
Rose, D. G. 47,49 
Von Glahn, U. H. 23 
Saunders, B. G. 67 
Vonnegut, B. 35,36,42 
Schaefer, V. J. 86,95 77,95 
Schindelhauer, F. 29 Walton, W. H. 104 
Schmidt, W. 25,26,83 Warner, J. 35,96 
Schotland, R. M. 34,39 Wells, D. A. 19 
Serafine, J. S. 23 Weyel, H. 25 
Sivadjian, J. 16 Wheeler, L. K. 99 
Smith, L. G. 34,35,4l Whytlaw-Gray, R. 87,86 
Smulowicz, B. 31,45 Wiesner, J. 4 
Smyers, Wm. H., Jr. 23 Willett, J. H. l6 
Soule, J. L. 105 Wolff, E. 97 
Spencer, A. T. 2,8,111 Worthington, A. M. 66 
Spilhaus, A. F. 84 Yoshihara, Z. 8 
